ACCURATE TRANSLATION 

DESCRIPTION 

NITRIDE SEMICONDUCTOR GROWTH METHOD, NITRIDE 
SEMICONDUCTOR SUBSTRATE* AND NITRIDE 
SEMICONDUCTOR DEVICE 

Technical Field 
The present invention relates to a nitride 
semiconductor growth method, a nitride semiconductor 
substrate, and a nitride semiconductor device and, more 
particularly, to a method of growing a nitride 
semiconductor having good crystal quality by using a 
substrate made of a material different from a nitride 
semiconductor, a nitride semiconductor substrate, and a 
nitride semiconductor device. 

Background Art 
It is generally known that a semiconductor having 
few crystal defects and good crystallinity is grown on 
a substrate by using a substrate lattice-matched with 
the semiconductor to be grown. There is, however, no 
substrate that is lattice-matched with a nitride 
semiconductor, has excellent crystallinity, and allows 
a nitride semiconductor crystal to be stably grown. 
For this reason, there is no choice but to grow a 
nitride semiconductor on a substrate, e.g., a sapphire, 
spinnel, or silicon carbide substrate, that is not 
lattice-matched with nitride semiconductors. 

Various research institutes have made attempts to 
manufacture GaN bulk crystals that are lattice-matched 



with nitride semiconductors* However, it has only been 

reported that GaN bulk crystals having sizes of several 

millimeters are obtained. That is, any practical GaN 

4 

bulk crystal like the one from which many wafers are 
cut to be actually used as substrates for the growth of 
nitride semiconductor layers has not been obtained. 

As a technique of manufacturing GaN substrates, 
for example, Jpn. Pat. Appln. KOKAI Publication 
Nos. 7-202265 and 7-165498 disclose a technique of 
forming a ZnO buffer layer on a sapphire substrate, 
growing a nitride semiconductor on the ZnO buffer layer, 
and dissolving and removing the ZnO buffer layer. 
However, since the ZnO buffer layer grown on the 
sapphire substrate has poor crystallinity , it is 
difficult to obtain a nitride semiconductor crystal 
having good quality by growing a nitride semiconductor 
on the buffer layer. In addition, it is difficult to 
continuously grow a nitride semiconductor thick enough 
to be used as a substrate on the thin ZnO buffer layer. 

When a nitride semiconductor electronic element 
used for various electronic devices such as a 
light-emitting diode (LED) device, a laser diode (LD) 
device, and a light-receiving device is to be 
manufactured, if a substrate made of a nitride 
semiconductor having few crystal defects can be 
manufactured, a new nitride semiconductor having few 
lattice defects and forming a device structure can be 



grown on the substrate. Therefore, the obtained device 
acquires greatly improved performance. That is, a 
high-performance device that has not been realized in 
the past can be realized. 

It is, therefore, an object of the present 
invention to provide a method of growing a nitride 
semiconductor crystal having excellent crystallinity . 

More specifically, it is an object of the present 
invention to provide a method of growing a nitride 
semiconductor crystal that can provide a nitride 
semiconductor substrate, a nitride semiconductor 
substrate, and a nitride semiconductor device formed on 
the nitride semiconductor substrate . 

Disclosure of Invention 

According to a first aspect of the present 
invention, there is provided a nitride semiconductor 
growth method comprising the steps of (a) forming a 
first selective growth mask on a support member made up 
of a dissimilar substrate made of a material different 
from a nitride semiconductor and having a major surface 
and an underlayer made of a nitride semiconductor 
formed on the major surface of the dissimilar substrate 
the first selective growth mask having a plurality of 
first windows selectively exposing an upper surface of 
the underlayer of the support member, and (b) growing 
nitride semiconductor portions from the upper surface 
portions, of the underlayer, which are exposed from the 



windows, by using a gaseous Group 3 element source and 
a gaseous nitrogen source, until the nitride 
semiconductor portions grown in the adjacent windows 
combine or unite with each other on an upper surface of 
the selective growth mask. In this case, the total 
area of upper surfaces of portions, of the underlayer, 
which are covered with the first selective growth mask 
is preferably larger than that of portions, of the 
underlayer, which are exposed from the first windows. 

According to a second aspect of the present 
invention, there is provided a nitride semiconductor 
growth method comprising the steps of (a) forming a 
first selective growth mask on a support member 
comprising a dissimilar substrate made of a material 
different from a nitride semiconductor and having a 
major surface, the first selective growth mask having a 
plurality of first windows for partly exposing an upper 
surface of the support member, such that a total area 
of upper surfaces of portions, of the support member, 
which are covered with the first selective growth mask 
is larger than that of portions, of the support member, 
which are exposed from the first windows, and (b) 
growing first nitride semiconductor portions from the 
upper surface portions, of the support member, which 
are exposed from the windows, by using a gaseous Group 
3 element source and a gaseous nitrogen source, until 
the nitride semiconductor portions grown in the 



adjacent windows combine or unite with each other on an 
upper surface of the selective growth mask. 

In the first and second^ aspects of the present 
invention, the first selective growth mask is 
5 preferably made up of a plurality of individual or 

discrete stripes spaced apart from each other, defining 
the first windows therebetween, and extending parallel 
to each other. In addition, in the first and second 
aspects, the ratio of a width of each of the stripes to 

10 a width of each of the first windows is preferably more 

than 1 and not more than 20. In the first and second 
aspects, it is especially preferable that the 
dissimilar substrate be a sapphire substrate having a 
major surface forming a (0001) plane, and the 

15 respective stripes preferably extend in a direction 

perpendicular to a (112 0) plane of sapphire; the 
dissimilar substrate be a sapphire substrate having a 
major surface forming a (112 0) plane, and the 
respective stripes extend in a direction perpendicular 

20 to the (1120) plane of sapphire; or the dissimilar 

substrate be a spinnel substrate having a major surface 
forming a (111) plane, and the respective stripes 
extend in a direction perpendicular to the (110) plane 
of spinnel. 

25 Furthermore, in the first and second aspects, 

growth of the first nitride semiconductor crystal in 
the step (b) can be performed by metalorganic 



vapor-phase epitaxy, and a second nitride semiconductor 
crystal can be grown, on the grown first nitride 
semiconductor crystal, by a Jialide vapor-phase 
epitaxial growth method. Alternatively, the first and 
second aspects can further comprise the step (c) of 
forming a second selective growth mask on the first 
nitride semiconductor grown in the step (b), the second 
selective growth mask having a plurality of second 
windows selectively exposing an upper surface of the 
first nitride semiconductor, and the step (d) of 
growing second nitride semiconductor portions from the 
upper surface portions, of the first nitride 
semiconductor, which are exposed from the second 
windows, by using a gaseous Group 3 element source and 
a gaseous nitrogen source, until the second nitride 
semiconductor portions grown in the adjacent windows 
combine or unite with each other on an upper surface of 
the second selective growth mask. In this case, the 
second selective growth mask preferably has the same 
arrangement or construction as that of the first 
selective growth mask. 

According to a third aspect of the present 
invention, there is provided a nitride semiconductor 
growth method comprising the steps of (a) forming a 
nitride semiconductor layer on a support member 
comprising a dissimilar substrate made of a material 
different from a nitride semiconductor and having a 
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major surface, (b) forming a plurality of recess 
portions having bottom surfaces substantially parallel 
to an upper surface of the support member in the 
nitride semiconductor layer, (c) selectively forming a 
5 first growth control mask on a top surface of the 

nitride semiconductor layer to selectively expose the 
nitride semiconductor layer from side surfaces of the 
recess portions, and (d) growing a nitride semiconduc- 
tor from an exposed surface of the nitride 

10 semiconductor layer by using a gaseous Group 3 element 

source and a gaseous nitrogen source. In this case, 
the first growth control mask preferably has the same 
arrangement or construction as that of the first 
selective growth mask in the first and second aspects. 

15 In the third aspect, it is especially preferable 

that the step (c) further comprise forming a second 
growth control mask on the bottom surfaces of the 
recess portions to selectively expose the nitride 
semiconductor layer from side surfaces of the recess 

20 portions. In this case, the first growth control mask 

is preferably made up of a plurality of individual or 
discrete stripes spaced apart from each other, defining 
the first windows therebetween, and extending parallel 
to each other. In addition, it is especially 
( ") 25 preferable that the dissimilar substrate be a sapphire 

substrate having a major surface forming a (0001) plane, 
and the respective individual stripes extend in a 
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direction perpendicular to a (112 0) plane of sapphire; 
the dissimilar substrate be a sapphire substrate having 
a major surface forming a (112 0) plane, and the 
respective individual stripes extend in a direction 
perpendicular to the (1120) plane of sapphire; or the 
dissimilar substrate be a spinnel substrate having a 
major surface forming a (111) plane, and the respective 
stripes extend in a direction perpendicular to the 
(110) plane of spinnel. 

In growing a nitride semiconductor crystal 
according to the present invention, the gaseous 
nitrogen source and the gaseous Group III element 
source are preferably supplied at a molar ratio of not 
more than 2,000. 

In addition, according to the present invention, 
there is provided a nitride semiconductor substrate 
comprising a nitride semiconductor crystal and having 
first and second major surfaces, wherein a region near 
the first major surface has a relatively small number 
of crystal defects, and a region near the second major 
surface has a relatively large number of crystal 
defects. There is also provided a nitride semiconduc- 
tor substrate comprising a nitride semiconductor 
crystal and having first and second major surfaces, 
characterized by the number of crystal defects in a 
surface region in the first major surface being not 
more than 1 x loVcm^. 



Furthermore, according to the present invention, 
there is provided a nitride semiconductor device 
comprising a nitride semiconductor device structure 
supported on the nitride semiconductor, substrate of the 
present invention . 

Further developments of the present invention are 
described in the following description and the appended 
claims. 

In the present invention, a nitride semiconductor 
can be represented by the formula, In a AlyGai_ a _]3N 
(wherein 0 ^ a, 0 ^ b, and a + b ^ 1). 

Brief Description of Drawings 

FIGS. 1A to 1C are schematic sectional views for 
explaining the principle of a nitride semiconductor 
growth method according to the first or second aspect 
of the present invention in the order of the steps; 

FIG. 2 is a schematic sectional view showing a 
substrate which has an off-angled major surface and can 
be used to grow a nitride semiconductor layer in 
accordance with the present invention; 

FIG. 3 is a view of a unit cell showing the 
crystal structure of a nitride semiconductor; 

FIG. 4 is a plan view showing a support member on 
which a striped-shaped selective growth mask is formed; 

FIGS. 5A and 5B are schematic sectional views for 
explaining a nitride semiconductor growth method 
according to another embodiment of the present 
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invention; 

FIGS. 6A to 6C are schematic sectional views for 
explaining a nitride semiconductor growth method 
according to still another embodiment of the present 
invention in the order of the steps; 

FIGS. 7A to 7D are schematic sectional views for 
explaining the principle of a nitride semiconductor 
growth method according to the third aspect of the 
present invention in the order of the steps; 

FIG. 8A is a sectional view schematically showing 
a nitride semiconductor light-emitting diode device 
supported on a nitride semiconductor substrate of the 
present invention; 

FIG. 8B is a plane view of the light-emitting 
diode device in FIG. 8A; 

FIG. 9 is a sectional view schematically showing 
another nitride semiconductor light-emitting diode 
device supported on a nitride semiconductor substrate 
of the present invention; 

FIG. 10 is a sectional view schematically showing 
a nitride semiconductor laser diode device supported on 
a nitride semiconductor substrate of the present 
invention; 

FIG. 11 is a partially sectional perspective view 
schematically showing another nitride semiconductor 
laser diode device supported on a nitride semiconductor 
substrate of the present invention; and 



FIG. 12 is a sectional view schematically showing 
still another nitride semiconductor laser diode device 
supported on a nitride semiconductor substrate of the 
present invention. 

Best Mode of Carrying Out the Invention 

The present invention will be described below with 
reference to the accompanying drawings. The same or 
similar parts are denoted by the same reference 
numerals throughout the drawings . 

FIGS. 1A to 1C are sectional views for explaining 
the principle of a nitride semiconductor growth method 
according to the first aspect of the present invention 
in the order of the steps. 

As shown in FIG. 1A, first of all, a support 
member 10 made up of a substrate (to be sometimes 
referred to as "dissimilar substrate" hereinafter) made 
of a material different from a nitride semiconductor 
and an underlayer 12 made of a nitride semiconductor 
formed on the substrate 11 is prepared. 

In the specification and the claims, the 
"underlayer" means a layer made of a nitride 
semiconductor grown not by the growth method of the 
present invention but by a general nitride semiconduc- 
tor growth method. This underlayer 12 may be of a 
single-layer structure or a multilayer structure. 
FIG. 1A shows the underlayer 12 as a buffer layer of a 
single-layer structure. Such a buffer layer eases or 
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alleviates the lattice mismatch between the dissimilar 
substrate 11 and a nitride semiconductor crystal grown 
on the underlayer 12 to allow a nitride semiconductor 
crystal having better crystallinity to. grow thereon. 
In general, this crystal is grown to several ten 
angstroms to several hundred angstroms at a low 
temperature less than 900°C, usually 500°C to 800°C. It 
is especially preferable that such a low-temperature 
buffer layer be made of undoped GaN doped with no 
impurity. In the present invention, if the underlayer 
is formed to have a multilayer structure, a nitride 
semiconductor crystal having lesser crystal defects can 
be formed on the underlayer. In the present invention, 
for example, an underlayer of a multilayer structure 
can be made of a low- temperature buffer layer like the 
one described above r which is formed on the dissimilar 
substrate 11, and another nitride semiconductor layer 
formed thereon. It is especially preferable that this 
another nitride semiconductor layer be made of 
Al x Gai_ x N (0 ^ x ^ 0.5). The another nitride 
semiconductor layer is formed to have a thickness 
larger than that of the low- temperature buffer layer, 
preferably 10 jum or less. The underlayer 12 can be 
grown by any of the known methods suitable for the 
growth of a nitride semiconductor, e.g., the 
metalorganic vapor-phase epitaxial method (MOVPE), the 
molecular beam epitaxial method (MBE), and the halide 
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vapor-phase epitaxial growth method (HVPE), by using a 
gaseous Group 3 element source and a gaseous nitrogen 
source. 

Referring to FIG. 1A again, a selective growth 
5 mask 13 having a plurality of windows 14a to 14d partly 

(selectively) exposing the underlayer 12 is formed on 
the underlayer 12 formed on the dissimilar substrate 11. 
FIG. 1A shows, as a preferred form, the selective 
growth mask 13 as being made up of individual or 

10 discrete stripes 13a to 13e each having a rectangular 

cross-section. Referring to FIG. 1A, the spaces 
between the stripes 13 correspond to the windows 14a to 
14d. The windows 14a to 14d will be sometimes 
generically referred to simply as a window 14 

15 hereinafter. 

As shown in FIG. IB, nitride semiconductor 
portions 15 are grown from the surface portions, of the 
underlayer 12, which are exposed from the windows 14a 
to 14d of the selective growth mask 13 by using a 

20 gaseous Group 3 element source and a gaseous nitrogen 

source according to the present invention. When 
nitride semiconductor portions are grown on the 
underlayer 12 whose surface is selectively covered with 
the selective growth mask 13 (or selectively exposed) 

25 in this manner, the nitride semiconductor portions do 

not grow on the entire surface of the selective growth 
mask 13 at first, but selectively grow on the portions, 
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of the underlayer 12, which are exposed by the windows 
14. When the nitride semiconductor portions further 

grow and exceed the upper end faces of the mask 13 , 

.4 

each nitride semiconductor crystal 15 exceeds a 
corresponding window 14 and then grows laterally on a 
corresponding selective growth mask 13. Since the 
crystal defects in the underlayer 12 are covered with 
the selective growth mask 13 , the crystal defects are 
not easily dislocated to the portion, of the nitride 
semiconductor 15 , which grows laterally unlike a 
nitride semiconductor growing vertically like the 
underlayer 12. In addition, the crystal defects of the 
underlayer 12 extend laterally as the nitride 
semiconductor crystal 15 grows on the selective growth 
mask 13, but tends to stop halfway. Furthermore, some 
crystal defects dislocated through the window 14 appear 
on the upper surface of the nitride semiconductor layer, 
but the crystal defects tend to stop halfway. 

When the nitride semiconductor portions for the 
nitride semiconductor crystals 15 keep growing in this 
manner, the adjacent nitride semiconductor crystals 15 
that grow laterally and vertically on the selective 
growth mask 13 are joined to each other. Finally, as 
shown in FIG. 1C, all the crystals 15 combine into an 
integral nitride semiconductor crystal 16. Narrow, 
small cavities 17a to 17e, each located in substan- 
tially the middle of the upper surface of a 
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corresponding one of the stripe masks 13a to 13e, 
having a triangular cross-section , and extending in the 
longitudinal direction of each of the stripes 13a to 
13e, prove that the adjacent nitride semiconductor 
crystals 15 grow laterally on the selective growth 
mask 13 and then grow vertically to combine with each 
other (in FIGS. 1A to 1C, the wavy lines and the bent 
lines on the underlayer 12 , the nitride semiconductor 
portions crystals 15, and the nitride semiconductor 
crystal 16 indicate crystal defects (penetrating 
dislocations); the same applies to FIGS. 5A and 6A to 
6C) . 

More specifically, relatively many crystal defects 
are generated in the underlayer 12 grown on the 
different type of substrate 11 or portions of the 
initially grown nitride semiconductor crystals 15 due 
to the lattice mismatch between the dissimilar 
substrate 11 and the nitride semiconductor portions. 
During the growth of the nitride semiconductor portions 
15, these crystal defects can be transferred to the 
leading or front surfaces of the grown crystals. The 
nitride semiconductor crystal 16 formed on the 
selective growth mask 13 is not grown from the 
substrate 11 or the underlayer 12 but is formed such 
that the nitride semiconductor crystals 15 grow 
laterally, and the adjacent nitride semiconductor 
crystals 15 finally combine with each other. Therefore, 



16 



the number of crystal defects in the nitride 
semiconductor crystal 16 formed on the selective growth 
mask 13 is much smaller than that in the crystals 
directly grown from the dissimilar type of substrate 11 
5 or the nitride semiconductor crystal portions initially 

grown from the underlayer 12 into the windows 14a to 
14f . By using this combined nitride semiconductor 
crystal 16 as a growth substrate for various nitride 
semiconductor layers constituting a device structure, a 

10 nitride semiconductor device having crystallinity 

superior to that of a conventional device and hence 
o /' % having excellent performance can be realized. 

The principle of a nitride semiconductor growth 
method according to the second aspect of the present 

15 invention will be described next with reference to 

.FIGS. 1A tp 1C. In the nitride semiconductor growth 
method according to the second aspect, a selective 
growth mask 13 is formed such that the total area of 
the upper surfaces of the portions, of a support 

20 member 10, which are covered with the selective growth 

mask 13 is larger than the total area of the upper 
surfaces of the portions, of the support member 10, 
which are exposed through windows 14a to 14f . A 
nitride semiconductor crystal 16 having fewer crystal 

25 defects can be obtained by setting the total area of 

the upper surfaces of the portions, of the support 
member 10, which are covered with the selective growth 
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mask 13 to be larger than the total area of the upper 
surfaces of the portions , of the support member 10, 
which are exposed through windows 14 . In the second 
aspect, the combined nitride semiconductor crystal 16 
5 can be grown by the same method as in the first aspect 

except for the use of the selective growth mask 13 
having this relationship between the total area of the 
covered surfaces and the total area of the exposed 
surfaces (see the above description about the first 

10 aspect, made with respect to FIGS. 1A to 1C) . 

In the second aspect, an underlayer 12 is 
\ preferably present for the above reason described 

concerning the first aspect, but can be omitted. That 
is, in the specification and the claims, a support 

15 member can be made of only a dissimilar substrate 11, 

or of the dissimilar substrate 11 and the underlayer 12 
formed thereon. 

Obviously, in the first aspect as well, the 
selective growth mask 13 is preferably formed such that 

20 the total area of the upper surfaces, of the support 

member 10, which are covered with the selective growth 
mask 13 is larger than the total area of the upper 
surfaces, of the support member 10, which are exposed 
through the windows 14a to 14f . 
( 25 Preferable conditions for the nitride semiconduc- 

tor growth method according to the present invention 
will be described next. 
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<Dissimilar Substrate> 

As described above, the dissimilar substrate 11 is 
not specifically limited as l° n g as it is made of a 
material different from a nitride semiconductor. For 
example, a substrate made of a material different from 
a nitride semiconductor such as an insulating substrate 
like a sapphire having the C plane ((0001) plane), the 
R plane ((1102) plane), or the A plane ((1120) plane) 
as a major surface or spinnel (MgAl204), an SiC 
(including 6H, 4H, and 3C), a ZnS substrate, a GaAs 
substrate, or an Si substrate, can be used. Note that 
an oxide substrate (e.g., a ZnO substrate or 
La x Sri. x AlyTai_y03 substrate) that can ensure lattice 
match with a nitride semiconductor may be used, 
although it tends to decompose during the growth of the 
nitride semiconductor. The dissimilar substrate can 
have a major surface size of a diameter of 1 inch or 1 
inch square or more, and preferably has a major surface 
size of a diameter of on 1 inch or 1 inch square to a 
diameter of 3 inches or 3 inches square. The nitride 
semiconductor crystal grown by the present invention 
can have a surface size almost equal to that of this 
dissimilar substrate. 

As the dissimilar substrate 11, a substrate having 
a major surface off -angled from the horizontal plane, 
preferably a major surface off -angled stepwise, can be 
used. Such a substrate will be described in detail 



19 



with reference to, for example, FIG. 2 showing an 
enlarged view of a sapphire substrate 11 having a major 
surface off -angled stepwise.^ This substrate 11 has 
substantially horizontal terrace portions A and stepped 
portions B. The terrace portions A are regularly 
formed while the average size of uneven portions on the 
surface of each terrace portion A is adjusted to about 
0.5 angstroms, and the maximum size is adjusted to 
about 2 angstroms. The size of each stepped portion B 
is preferably 30 angstroms or less, more preferably 25 
angstroms or less, and most preferably 20 angstroms or 
less. The lower limit of the size of each stepped 
portion B is preferably 2 angstroms or more. Stepped 
portions each having such an off angle 0 are preferably 
formed continuously on the entire surface of the 
dissimilar substrate 11, but may be partly formed. As 
shown in FIG. 2, the off angle 0 of the major surface 

r 

off-angled stepwise is the angle defined by a straight 
line connecting the bottom portions of a plurality of 
stepped portions and the horizontal plane of the 
terrace portion on the uppermost layer. When a 
sapphire substrate having a C plane as a major surface 
is used as the dissimilar substrate 11, the off angle 0 
with respect to the C plane is 1° or less, preferably 
0.8° or less, and more preferably 0.6° or less. With 
the use of a dissimilar substrate having a major 
surface off -angle in this manner, the interatomic 
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distance between the nitride semiconductor to be grown 
according to the present invention and the dissimilar 
substrate decreases, thereby obtaining a nitride 
semiconductor substrate having few crystal defects. 
<Selective Growth Mask> 

The selective growth mask 13 does not substan- 
tially grow any nitride on its surface. This selective 
growth mask 13 is made of a material having the 
property of not growing any nitride semiconductor on 
its surface or making the growth of any nitride 
semiconductor on its surface difficult. For example, 
such a material includes oxides and nitrides such as 
silicon oxide (SiO x ), silicon nitride (Si x N y ), titanium 
oxide (TiO x ), and zirconium oxide (ZrO x ), and 
multilayer films containing these components. In 
addition, metals having melting points of 1,200°C or 
more (e.g., W, Ir, and Pt) can be used. These 
selective growth mask materials stand growth 
temperatures of about 600°C to 1,100°C that are set to 
grow nitride semiconductor portions according to the 
present invention, and has the property of inhibiting 
the growth of any nitride semiconductor on its surface 
or making the grow of any nitride semiconductor 
difficult. For example, a vapor-phase film forming 
technique such as vapor deposition, sputtering, or CVD 
can be used to form a selective growth mask on the 
upper surface of the support member 10. In addition, 
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the selective growth mask 13 having the windows 14 can 
be formed by using these materials as follows. A 
photomask having a predetermined shape is manufactured 
by photolithography. A film made of the above material 
5 is formed by a vapor-phase technique through this 

photomask, thereby forming the selective growth mask 13 
having a predetermined shape. The shape of the 
selective growth mask 13 is not specifically limited. 
For example, this mask can be formed to have a dot 
10 pattern, a stripe pattern, or a lattice pattern. As 

will be described later, however, the selective growth 
mask is preferably formed as a plurality of individual 
or discrete stripes each oriented in a specific plane 
azimuth. 

15 As described above, the selective growth mask 13 

is preferably made up of a plurality of individual 
stripes 13a to 13e) , as shown in FIG. 1A. In this case, 
the width (Ws) of each stripe mask is preferably 0.5 to 
100 jum, more preferably 1 to 50 /xm, still more 

20 preferably 5 to 20 fim, and especially preferably 5 to 

15 fim. The ratio (Ws/Ww) of the width to the interval 
between the respective stripe masks (corresponding to 
the width of each window (Ww) ) is preferably 1 to 20, 
and more preferably 1 to 10. It is especially 

25 preferable that the width of each stripe mask be larger 

than the width of each window. In this case, the ratio 
Ws/Ww more preferably falls within the range of more 
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than 1 and up to 20, and more preferably more than 1 
and up to 10. When the interval (Ww) between the 
stripe masks is set to 8 fim or less, preferably 5 /xm or 
less, and more preferably 3 /zm or less, a nitride 
5 semiconductor crystal having a much smaller number of 

crystal defects can be grown. The interval (Ww) 
between the stripe masks is preferably 0.1 /xm or more. 
The respective stripe masks preferably have substan- 
tially the same width and thickness and are preferably 

10 formed at substantially the same intervals on the 

entire surface of the support member 10 to be parallel 
to each other. 

The thickness of the selective growth mask 13 is 
preferably 0.01 to 5 /zm, more preferably 0 . 1 to 3 /xm, 

15 and especially preferably 0 . 1 to 2 jim. 

The selective growth mask 13 inhibits any nitride 
semiconductor from growing from the portions covered 
with the mask and allows nitride semiconductor portions 
to selectively grow from the portions exposed through 

20 the windows. Owing to this function, this mask is 

referred to as a "selective growth" mask in the 
specification and the claims. 

<Preferable Relationship between Dissimilar Substrate 
and Selective Growth Mask> 
25 FIG. 3 is a view of a unit cell showing the 

crystal structure of a nitride semiconductor. Strictly 
speaking, the nitride semiconductor has a rhombic 



structure, but can be approximated to a hexagonal 
system in this manner. According to the method of the 
present invention, a sapphire substrate having the C 
plane as a major surface is preferably used as the 
dissimilar substrate 11, and the selective growth 
mask 13 is preferably made up of a plurality of 
individual stripes extending parallel in a direction 
perpendicular to the sapphire A plane (in other words, 
extending parallel in a direction (the <1100> direction 
of the nitride semiconductor) parallel to the M plane 
((1100) plane) of the nitride semiconductor). That is, 
in FIG. 4, which is a plane view of the sapphire 
substrate on the major surface side, the sapphire 
substrate 11 has the sapphire C plane as the major 
surface and an orientation flat (ORF) surface as the A 
plane. As shown in FIG. 4, the selective growth 
mask 13 is preferably made up of a plurality of 
individual stripes extending parallel in a direction 
perpendicular to the sapphire A plane. It should be 
noted that although FIG. 4 shows only five individual 
stripes for the sake of easy understanding, more 
individual stripes are actually formed. 

When a nitride semiconductor is to be selectively 
grown on the sapphire C plane, the nitride semiconduc- 
tor tends to easily grow within the C plane in a 
direction parallel to the A plane, but does not easily 
grow in a direction perpendicular to the A plane. 
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Therefore, the formation of stripe masks extending in a 
direction perpendicular to the A plane makes it easy to 
combine and grow the nitride ^semiconductor portions 
between the adjacent stripe masks on the respective 
5 stripe masks, thereby facilitating the. growth of the 

nitride semiconductor crystal 16 shown in FIG. 1C. In 
this case, the leading surfaces, i.e., facets F (see 
FIG. IB), of the nitride semiconductor crystals 15 
grown laterally on the mask 13 become the A planes of 

10 the nitride semiconductor portions . 

Similarly, in the case wherein a sapphire 
substrate having an A plane as a major surface is used 
as well, if, for example, the ORF surface forms the R 
plane, the formation of a plurality of individual strip 

15 masks extending parallel in a direction perpendicular 

to the R plane makes it easy to grow nitride 
semiconductor portions in the direction of width of the 
stripe masks. This makes it possible to grow a nitride 
semiconductor crystal having few crystal defects . 

20 The growth of nitride semiconductor portions 

exhibit anisotropy also with respect to spinnel 
(MgAl204). If the (111) plane is used as a growth 
surface (the major surface of the spinnel) for a 
nitride semiconductor, and the ORF surface forms the 

25 (HO) plane, the nitride semiconductor tends to easily 

grow in a direction parallel to the (110) plane. If, 
therefore, a plurality of parallel, discrete strip 
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masks are formed to extend in a direction perpendicular 
to the (110) plane, the adjacent nitride semiconductor 
crystals combine with each other on the selective 
growth mask 13, thereby growing the nitride semiconduc- 
tor crystal 16 having few crystal defects. 
<Growth of Nitride Semiconductor Crystal> 

The nitride semiconductor crystal to be grown 
according to the present invention can be grown by any 
of known methods suitable for the growth of a nitride 
semiconductor such as MOVPE, MBE, and HVPE, using a 
gaseous Group 3 element source and a gaseous nitrogen 
source. The nitride semiconductor crystal is 
preferably grown by MOVPE in the initial stage and 
grown by MOVPE or HVPE in the subsequent stage. As 
will be described in detail later, it is especially 
preferable that a nitride semiconductor crystal be 
grown by MOVPE in the initial stage and grown by HVPE 
in the subsequent stage. 

When a nitride semiconductor is to be grown by 
MOVPE, the molar ratio of a nitrogen source gas to a 
Group 3 source gas (nitrogen source/Group 3 source 
molar ratio; to be sometimes referred to as a V/III 
ratio hereinafter) is preferably adjusted to 2,000 or 
less. The nitrogen source/Group 3 source molar ratio 
is preferably 1,800 or less, and more preferably 1,500 
or less. The lower limit of the nitrogen source/Group 
3 source molar ratio is not specifically limited as 
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along as it is the stoichiometrical ratio or more. 
This lower limit molar ratio is preferably 10 or more, 
more preferably 30 or more, ^nd most preferably 50 or 
more. If the molar ratio is higher than 2,000, 
5 triangular nitride semiconductor portions grow from the 

windows 14. With this growth, crystal defects extend 
and scarcely stop halfway. As a result, the number of 
crystal defects increases. If the nitrogen source/ 
Group 3 source molar ratio is adjusted to 2,000 or less, 

10 the respective crystals 15 grow from the windows 14 

first, and then grow laterally on the respective 
selective growth masks 13 while substantially 
maintaining their surf aces perpendicular to the upper 
surfaces of the selective growth masks. As a result, 

15 the similar perpendicular surfaces of the adjacent 

crystals that grow in the same manner come into contact 
and combine with each other on the selective growth 
mask 13. For this reason, the crystal defects tend to 
stop halfway on the upper surface of the selective 

20 growth mask. In addition, the crystal defects 

extending from the windows 14 tend to stop halfway. 
Therefore, a nitride semiconductor crystal having a 
much smaller number of crystal defects can be grown. 
It is especially preferable that MOVPE be performed 

25 under a reduced pressure of 50 to 400 Torr. 

In MOVPE, as a nitrogen source gas, for example, a 
hydride gas, such ammonia or hydrazine is used; as a 



Group 3 source gas, an organogallium gas, such as TMG 
( trimethylgallium) or TEG ( triethylgallium) , an 
organoaluminum gas, such as T^MA ( trimethylaluminum) , or 
an or gano indium gas such as TMI ( trimethylindium) can 
be used. 

When a nitride semiconductor, e.g., a gallium 
nitride crystal, is to be grown by HVPE, HC1 gas is fed 
onto a molten gallium metal, and ammonia gas is fed 
from another gas feed pipe to combine these gases on 
the support member 10 to cause the following reaction: 

GaCl + NH3 ~> GaN + HC1 + H 2 
In HVPE, since the growth rate of a nitride semiconduc- 
tor crystal is several times higher than in MOVPE, for 
example, a 300- fim thick nitride semiconductor can be 
grown within several hours. 

In the present invention, a nitride semiconductor 
crystal is preferably grown to a thickness of 1 11m or 
more, more preferably 5 /zm or more, and most preferably . 
10 /zm or more, although it depends on the width of each 
selective growth mask. These values correspond to the 
range of the lower limits of the thickness of a nitride 
semiconductor crystal, which is to be set to cover the 
upper portion of each selective growth mask. If this 
thickness is less than 1 urn, a growing nitride 
semiconductor crystal tends to be difficult to grow 
laterally on each selective growth mask. This tends to 
relatively increase the number of crystal defects. It 
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is difficult to decrease the number of crystal defects 
under the condition in which nitride semiconductor 
portions are difficult to grow laterally. Although the 
upper limit of the thickness of the nitride semiconduc- 
5 tor to be grown is not specifically limited, the 

thickness is preferably set to 70 //m or less when 
crystal growth is to be performed by MOVPE . If a 
nitride semiconductor crystal is grown to a thickness 
exceeding 7 0 fim, the growth time is prolonged, and the 

10 surface of the nitride semiconductor crystal becomes 

coarse. In addition, the selective growth masks tend 
to decompose. For these reasons, the above thickness 
is not preferable. 

In the present invention, it is especially 

15 preferable that the nitride semiconductor crystal (e.g., 

the crystal 16 or a crystal 17, 116, or 76 to be 
described below) grown to provide a substrate for 
supporting a nitride semiconductor device be made of 
undoped gallium nitride or n-type impurity-doped 

20 gallium nitride. 

To grow a thicker nitride semiconductor crystal 
with few defects, the nitride semiconductor crystal is 
preferably grown by MOVPE first, and then MOVPE is 
switched to HVPE to grow further nitride semiconductor 

25 crystal on the MOVPE crystal. 

FIGS. 5A and 5B are sectional views for explaining 
a method of growing such a thicker nitride 
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semiconductor crystal. 

On the nitride semiconductor crystal 16, which is 
grown by MOVPE according to the first or second aspect 
described with reference to FIGS. 1A to 1C, a nitride 
5 semiconductor 17 of the same type is grown to a 

thickness larger than that of the nitride semiconductor 
crystal 16. When the nitride semiconductor 17 is grown 
on the MOVPE crystal 16 by HVPE , almost no crystal 
defects extend vertically. As a result, the crystal 17 

10 having very few crystal defects can be grown as a whole. 

The crystal defects in the HVPE nitride semiconductor 
17 are fewer than those in the MOVPE nitride 
semiconductor crystal 16 formed thereunder. Finally, 
for example, the nitride semiconductor crystal 

15 substrate 17 whose surface region has crystal defects 

of 1 x loVcm 2 or less can be obtained. The crystal 
defects in the surface region are preferably 5 x 
10 4 /cm2 or less, more preferably 1 x loVcm 2 or less, 
and most preferably 1 x 10 3 /cm 2 or less. Note that the 

20 "surface region" means a region having a depth of up to 

5 fim from the upper surface (grown end face) of the 
nitride semiconductor crystal on the opposite side to 
the dissimilar substrate 11. The number of crystal 
defects within 5 /zm can be measured with a TEM 

25 (Transmission Electron Microscope) . In the present 

invention, the crystal defects in a grown nitride 
semiconductor crystal are visually checked with a TEM 
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(i.e., visual check on a TEM photograph) by 
two-dimensional observation , and indicate an average 
defect density (the same applies to the following 
Examples ) . 

The HVPE nitride semiconductor crystal 17 is 
thicker than the MOVPE nitride semiconductor crystal 16, 
and preferably has a thickness of 10 /xm or more, more 
preferably 50 /im or more, and still more preferably 
100 //m or more. If the thickness is less than 10 //m, 
the number of crystal defects tends to be difficult to 
decrease. Although the upper limit of thickness is not 
specified, the thickness is preferably 1 mm or less. 
If this crystal is grown to a thickness larger than 
1 mm, the overall wafer warps due to the thermal 
expansion coefficient difference between the nitride 
semiconductor and the dissimilar substrate 11. This 
tends to make it difficult to grow an HVPE nitride 
semiconductor crystal with uniform thickness. 

In the present invention, when the nitride 
semiconductor crystal 16 and/or 17 is to be grown, the 
nitride semiconductor is preferably doped with an 
n-type impurity. In addition, the crystal 16 or 17 is 
preferably doped with this n-type impurity such that 
the n-type impurity concentration has a gradient in 
each crystal. The concentration gradient may be 
continuous or stepwise. It is especially preferable to 
set the concentration gradient of the n-type impurity 



in each of the crystals 16 and 17 such that the n-type 

impurity concentration decreases with an increase in 

distance from the dissimilar substrate 11. In other 

i 

words , the crystal 16 is preferably doped with the 
n-type impurity at higher concentrations with a 
decrease in distance from the dissimilar substrate 11. 
Similarly, the crystal 17 is preferably doped with the 
n-type impurity at higher concentrations with a 
decrease in distance from the dissimilar substrate 11. 
Assume that the n-type impurity concentration in each 
crystal decreases with a decrease in distance from the 
growth surface (major surface) in this manner. In this 
case, in forming an n-side electrode after a device 
structure is manufactured, when the nitride semiconduc- 
tor substrate 16 is exposed by removing the dissimilar 
substrate 11, the underlayer 12, and the selective 
growth mask 13 or the nitride semiconductor substrate 
17 is exposed by further removing the nitride 
semiconductor crystal substrate 16, the surface region, 
of the nitride semiconductor crystal 16 or 17, which is 
heavily doped with the n-type impurity can be exposed 
on the lower surface side. Therefore, by using this 
exposed surface as an n-side electrode formation 
surface, the output of the device can be increased by 
decreasing its Vf . In addition, even if etching is 
performed from the device structure side grown on the 
nitride semiconductor crystal substrate, and an 
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electrode is formed on the etched surface, the nitride 
semiconductor crystal 16 or 17 heavily doped with the 
n-type impurity can be used as an n-electrode formation 
layer. 

In the present invention, as the n-type impurity 
to be added to a nitride semiconductor crystal, a Group 
IV element, e.g., Si, Ge, Sn, or S, preferably Si 
and/or Sn, can be used. These n-type impurities can be 
added as hydrogenated substances or gaseous organic 
metallized substances during the growth of a nitride 
semiconductor. An n-type impurity is preferably added 
within the range of 5 x 10 16 /cm 3 to 5 x 10 21 /cm 3 . If 
the impurity concentration is lower than 5 x 10 16 /cm 3 , 
since the carrier concentration of the nitride 
semiconductor crystal 16 or 17 becomes insufficient, 
the resistivity tends to increase. If the n-type 
impurity concentration is higher than 5 x 10^1 /cm 3 , the 
impurity concentration becomes excessively high. As a 
result, the crystallinity tends to deteriorate, and the 
number of crystal defects tends to increase. It is 
especially preferable to add an n-type impurity within 
the range of 1 x 10 17 /cm 3 to 1 x 10 20 /cm 3 . 

In the present invention, MOVPE can be switched to 
HVPE before the nitride semiconductor crystals 15 are 
combined into the integral crystal 16 by MOVPE (for 
example, in the state shown in FIG. IB) . More 
specifically, although the nitride semiconductor 



crystals 15 have been grown laterally on the mask 13 by 
MOVPE, growth of the HVPE nitride semiconductor crystal 
17 can be started before the^ adjacent nitride 
semiconductor crystals 15 combine with each other. 

As shown in FIG. 5A, after the nitride 
semiconductor crystals 16 and 17 are grown, the 
structure in FIG. 5A can be used as a device substrate, 
and a desired nitride semiconductor device structure 
can be formed on the substrate. Alternatively, a 
nitride semiconductor substrate having a two-layer 
structure made up of the nitride semiconductor crystals 
16 and 17 can be obtained by polishing/removing at 
least the dissimilar substrate 11, the underlayer 12, 
and the selective growth masks 13a to 13e of the 
structure shown in FIG. 5A from the lower surface of 
the dissimilar substrate 11 in a direction perpendicu- 
lar to the major surface of the dissimilar substrate 11. 
If the nitride semiconductor crystal 16 is further 
removed, a free nitride semiconductor crystal substrate 
made of the HVPE nitride semiconductor crystal 17 can 
be obtained, as shown in FIG. 5B. As is also apparent 
from the above description, this HVPE nitride 
semiconductor substrate is characterized in that the 
crystal defects in the surface region are 1 x lO^/cm^ 
or less. This substrate can have at least one of the 
following characteristics: that the substrate is doped 
with an n-type impurity; that this n-type impurity has 
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a concentration gradient in the nitride semiconductor 
substrate; and that the n-type impurity concentration 
decreases with a decrease in distance from the major 
surface (grown end face) of the substrate (i.e., with 
an increase in distance from the dissimilar substrate 
11) . From another viewpoint, the substrate obtained in 
this manner can be characterized in that it has first 
and second major surfaces, and is doped with an n-type 
impurity, and the n-type impurity has a concentration 
gradient in the substrate. 

In the present invention, a buffer layer made of a 
nitride semiconductor can be grown first before the 
substantial portion of a nitride semiconductor crystal 
(e.g., a crystal to be grown laterally on each mask, 
such as the nitride semiconductor crystal 16) is grown. 
This buffer layer can be made of a nitride semiconduc- 
tor such as A1N, GaN, AlGaN, or InGaN, and can be grown 
to a thickness of several ten angstroms to several 
hundred angstroms at a low temperature less than 900°C. 
The scope of the present invention incorporates the 
growth of this low-temperature buffer layer after the 
growth of the substantial portion of the nitride 
semiconductor crystal. This buffer layer is formed to 
ease the lattice mismatch between the dissimilar 
substrate and the nitride semiconductor grown afterward, 
but can be omitted depending on the nitride semiconduc- 
tor growth method, the type of substrate, and the like. 
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The second method of manufacturing a nitride 
semiconductor crystal having a smaller number of 
crystal defects will be described next with reference 
to FIGS. 6A to 6C. First of all, as shown in FIG- 6A, 
after the surface of the nitride semiconductor crystal 
16 grown according to the first or second aspect of the 
present invention, which has been described in detail 
above, is polished to provide a flat surface, a 
selective growth mask 113 having a plurality of windows 
for partly exposing the surface of the nitride 
semiconductor crystal 16 is formed on the surface of 
the nitride semiconductor crystal 16 . The description 
about the first selective growth mask 13 (the material, 
the shape, the width, the thickness, the shape of each 
window, the relationship with the dissimilar substrate, 
and the like) equally applies to the selective growth 
mask 113 unless otherwise specified. 

The selective growth mask 113 is generally formed 
at a position shifted from the position where the first 
selective growth mask 13 is formed. That is, the 
selective growth mask 113 is formed to cover the 
surface of the portions, of the nitride semiconductor 
crystal 16, on which the crystal defects produced from 
the interface between the support member 10 and the 
nitride semiconductor crystal 16 and extending from the 
windows 14a to 14f of the first selective growth 
mask 13, thereby selectively exposing the surface of 
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the nitride semiconductor crystal 16. More specifi- 
cally, in FIG. 6A, similar to the first selective 
growth mask 13, the selective growth mask 113 is made 
up of individual stripes 113a to 113f, and the 
respective stripes are positioned to cover the surface 
regions, of the nitride semiconductor crystal 16, which 
correspond to the windows 14a to 14f of the selective 
growth mask 13. The windows 114a to 114e are 
positioned in the regions corresponding to the 
substantially middle portions of the first strip 
masks 13a to 13e. By forming the selective growth mask 
113 at the position corresponding to each window 14 of 
the first selective growth mask 13 in this manner, the 
selective growth mask 113 can prevent the crystal 
defects in the crystal 16 from penetrating. 

The total surface area of the selective growth 
mask 113 (the portions, of the nitride semiconductor 
crystal 16, which are covered with the mask) is 
preferably larger than the total surface area of the 
windows 14a to 14f of the selective growth mask 13 (the 
exposed portions, of the nitride semiconductor crystal 
16, which are exposed through the windows). More 
specifically, if the selective growth mask 113 is 
formed to have a dot pattern, a stripe pattern, or the 
like, the area of the surface of a unit dot is set to 
be larger than that of a unit stripe window. With this 
setting, a nitride semiconductor having less crystal 
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defects can be grown on the crystal 16. 

When a nitride semiconductor crystal of the same 
type as that of the nitride semiconductor crystal 16 
(preferably undoped or n-type impurity-doped GaN) is 
grown by the same method as that used to grow the 
nitride semiconductor crystal 16 , nitride semiconductor 
crystals 115 grow in the same manner as that described 
about the crystal 15 with reference to FIG. IB. 
Finally, the adjacent nitride semiconductor crystals 
115 combine into the integral nitride semiconductor 
crystal 116. In this case, the second nitride 
semiconductor crystals 115 grown on the first nitride 
semiconductor crystal 16 are the same type of nitride 
semiconductor portions as that of the nitride 
semiconductor crystal 16. In addition, these crystals 
115 are grown on the first nitride semiconductor 
crystal 16 having few crystal defects. For these 
reasons, crystal defects due to lattice mismatch do not 
easily occur, and fewer crystal defects are dislocated. 
Therefore, the second nitride semiconductor crystal 116 
having excellent crystallinity can be obtained. By 
using this second nitride semiconductor crystal 116 as 
a growth substrate for a device structure, a nitride 
semiconductor device having excellent crystallinity can 
be realized. Obviously, the nitride semiconductor 116 
can be doped with an n- type impurity as in the case of 
the nitride semiconductor 16 or 17 (see FIGS. 1C and 
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5A) . 

The growth of the second selective growth mask 
described with reference to FIGS. 6A to 6C and the 
subsequent growth of the nitride semiconductor crystal 
5 can be repeatedly performed. That is, if some portion 

of a nitride semiconductor crystal has lattice defects, 
a new mask can be formed on that portion, and a new 
nitride semiconductor can be grown on the mask. 

The principle of a nitride semiconductor growth 

10 method according to the third aspect of the present 

invention will be described next. The third aspect of 
the present invention is associated with a nitride 
semiconductor growth method characterized in that after 
a nitride semiconductor is grown on a support member 

15 according to the present, invention, a new nitride 

semiconductor is grown from this nitride semiconductor 
as a seed crystal in substantially only the lateral 
direction while the growth in the vertical direction is 
suppressed, and is grown in both the vertical and 

20 lateral directions afterward. In the present invention, 

to suppress the growth of the nitride semiconductor in 
the vertical direction is to prevent at least the 
nitride semiconductor from growing in the vertical 
direction. The nitride semiconductor can be grown in 

25 the lateral direction by exposing the surface of the 

initially grown nitride semiconductor in the vertical 
direction, and growing the above new nitride 
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semiconductor from only the exposed surface. The 
nitride semiconductor whose growth direction is 
controlled in this manner starts to grow from the 
vertical direction to the lateral direction. As the 
5 growth continues, the nitride semiconductor starts to 

grow in the vertical direction again as well as in the 
lateral direction. In this manner, a nitride 
semiconductor crystal having a smaller number of 
crystal defects can be obtained. 

10 The especially preferred embodiment of the nitride 

semiconductor growth method according to the third 
aspect of the present invention, in which the growth 
direction of a nitride semiconductor is controlled in 
this manner, will be described in detail below with 

15 reference to the FIGS. 7A to 7D. 

As shown in FIG. 7A, a nitride semiconductor 
layer 71 is preferably formed on almost the entire 
surface of a support member 10 made of a dissimilar 
substrate 11 on which an underlayer 12 is formed or not 

20 formed. The support member 10, including the 

dissimilar substrate 11 and the underlayer 12, is 
identical to the one sufficiently described above. 

The nitride semiconductor layer 71 is preferably 
made of gallium nitride (GaN) doped with no impurity 

25 (undoped) or GaN doped with an n-type impurity like the 

one described above. The nitride semiconductor 
layer 71 can be grown on the support member 10 at a 



high temperature, specifically 900°C to 1,100°C, and 
more preferably 950°C to 1,050°C. The thickness of each 
portion, of the nitride semiconductor layer 71, which 
is exposed from a side surface of a corresponding 
recess portion (to be described in detail later) after 
the formation of a growth control mask (to be described 
in detail later) is not specifically limited. However, 
the nitride semiconductor layer 71 is preferably formed 
such that each portion exposed from a side surface of a 
corresponding recess portion has a thickness of 100 
angstroms or more, preferably about 1 to 10 jum, and 
more preferably about 1 to 5 //m. 

As shown in FIG. 7B, a plurality of recess 
portions (FIG. 7B shows six recess portions 72a to 72f; 
these recess portions will be sometimes generically 
referred to as recess portions 72 hereinafter) are 
formed in the nitride semiconductor layer 71 formed on 
the support member 10, and the first nitride 
semiconductor layer 71 is selectively exposed on the 
side surfaces of the respective recess portions 72. 
Thereafter, first growth control masks 7 3a to 7 3g and 
second masks 74a to 74 f are formed on the upper surface 
portions of the nitride semiconductor layer 71 and the 
bottom surfaces of the recess portions 72a to 72f . The 
first growth control masks 73a to 73g will be sometimes 

i 

generically referred to as first growth control masks 
or masks 73 hereinafter. The second growth control 



masks 74a to 74f will be sometimes generically referred 
to as second growth control masks or masks 74 
hereinafter. The first and second growth control 
masks 7 3 and 7 4 can be formed by using the same 
material as that for the selective growth masks 
described above and the same method as used therefor. 

The plurality of recess portions 72a to 72f may 
have any shapes as long as they allow the nitride 
semiconductor layer 71 to be selectively exposed on 
their side surfaces. For example, each recess portion 
can be formed into a cylindrical shape, a prismatic 
shape, or a groove-like shape. It is preferable that 
the bottom surface of each recess portion 72 be 
substantially parallel to the upper surface of the 
support member 10. 

Each recess portion 72 formed in the nitride 
semiconductor layer 71 reaches some midpoint in the 
nitride semiconductor layer 71, the surface of the 
support member 10, or a portion in the support 
member 10. Although the depth of each recess portion 
72 is influenced by the thickness of the nitride 
semiconductor layer 71, the thickness of each second 
growth control mask 74, and the like, it suffices to 
set the depth of each recess portion 72 such that the 
second growth control mask 74 formed on the bottom 
surface of the recess portion 72 prevents the 
dissimilar substrate 11 from being exposed* and the 



second growth control masks 74 is formed to have a 
sufficient thickness so as not to interfere with the 
growth of a new nitride semiconductor grown laterally 
from that surface, of the nitride semiconductor 
layer 71, which is exposed from a side surface of the 
recess portion 72. Each recess portion 72 is 7 
preferably formed at a depth that does not expose the 
substrate 11 , and it is especially preferable that each 
recess portion 72 be formed at a depth corresponding to 
some midpoint in the direction of thickness of the 
nitride semiconductor layer 71. If the recess portion 
72 is formed at a depth at which the dissimilar 
substrate 11 is exposed through the bottom surface of 
the recess portion 72, it is difficult to form the 
second growth control masks 74 near the corners of the 
bottom surface of the recess portion 72. If the second 
growth control masks 74 do not sufficiently cover the 
surface portions of the dissimilar substrate 11, new 
nitride semiconductor portions may grow from the 
dissimilar substrate 11, resulting in crystal defects. 
Although the depths of the recess portions 7 2 may- 
differ from each other, the recess portions 72 are 
generally formed to have the same depth. 

To form the recess portions 72, any method capable 
of partly removing the nitride semiconductor layer 71 
can be used. Such a method includes etching, dicing, 
and the like. According to dicing, recess portions 72 
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made of parallel grooves each having a rectangular 
cross-section or recess portions 72 made of lattice 
grooves can be easily formed. 

When the recess portions 72 are selectively formed 
5 in the nitride semiconductor layer 71 by etching, a 

striped photomask, a lattice photomask, and the like 
are manufactured by using mask patterns in various 
forms in photolithography, and a resist pattern is 
formed on the nitride semiconductor layer 71, thereby 

10 etching the nitride semiconductor layer '71. Methods of 

etching the nitride semiconductor layer 71 include wet 
etching, dry etching, and the like. To form smooth 
surfaces, dry etching is preferably used. Dry etching 
includes reactive ion etching (RIE), reactive ion beam 

15 etching (RIBE), electron cyclotron etching (ECR), ion 

beam etching (IBE), and the like. In any of these 
methods, the desired recess portions 72 can be formed 
by etching the nitride semiconductor by appropriately 
selecting an etching gas. For example, the etching 

20 means for a nitride semiconductor disclosed in 

Jpn. Pat. Appln. KOKAI Publication No. 8-17803 
previously filed by the present applicant can be used. 

When the recess portions 72 are to be formed by 
etching, each side surface of each recess portion 72 

25 may be almost vertical to the dissimilar substrate 11 

as shown in FIG. 7B, or may have a mesa shape or 
inverted mesa shape. 
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The first and second masks 7 3 and 74 can be formed 
in slightly different manners depending on whether the 
recess portions 72 are formed by etching or dicing. 

When the recess portions 72 are to be formed by 
5 etching, a layer made of a mask material is formed 

first on the first nitride semiconductor layer 71, and 
then a resist film is formed on the layer/ After a 
predetermined pattern is transferred, exposed, and 
developed to form the first mask 73, the nitride 

10 semiconductor layer 71 is etched to form the recess 

portions 72. Subsequently, a growth control mask 
material layer is formed on the nitride semiconductor 
layer 71 in which the recess portions 7 2 are formed, 
i.e., the masks 73, the bottom and side surfaces of the 

15 recess portions 72, and the like, and the mask material 

layer on the side surfaces of the recess portions 7 2 is 
selectively etched to form the second masks 74 by dry 
etching using, for example, CF4 gas and O2 gas. With 
this formation, although FIG. 7B shows the first 

20 mask 7 3 as a single layer, the first mask 7 3 has 

two-layer structure in which the mask material layer is 
further formed on the first mask 73. Obviously, the 
first and second masks 7 3 and 74 may be formed on the 
portions where the first masks 73 are formed and the 
/* \ 25 bottom surfaces of the recess portions 72 by the same 

method as described above after the first masks 7 3 are 
removed before the second masks 74 are formed. 
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When the recess portions 72 are to be formed by 
dicing, the recess portions 72 are formed by removing 
the nitride semiconductor laper 71 from the upper 
surface with a dicing saw, and a growth control mask 
material layer is formed on the entire surface of the 
nitride semiconductor layer 71, including the recess 
portions 72, as described above. Thereafter, only the 
growth control mask material layer on the side surface 
portions of the recess portions 72 is etched by dry 
etching using CF4 gas and O2 gas, thereby simultane- 
ously forming the first and second growth control 
masks 7 3 and 74 . 

The first and second growth control masks 73 and 
74 may be formed to have the same thickness as long as 
they have thicknesses that do not interfere with the 
growth of a nitride semiconductor crystal to be 
described in detail later. For example, when the 
underlayer 12 is not formed on the dissimilar substrate 
11, the second growth control masks 74 are preferably 
formed to have a sufficient thickness so as not to 
expose the dissimilar substrate 11 to the bottom 
surfaces of the recess portions 72, and preferably a 
sufficient thickness that inhibits formation of 
pinholes in the dissimilar substrate 11 due to the 
influence of heat. Obviously, however, the masks 74 
must not be thickened to such an extent as to interfere 
with the growth of nitride semiconductor crystals from 
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the portions, of the nitride semiconductor layer 71, 
which are exposed to the side surfaces of the recess 
portions. If pinholes are formed in the second 
masks 74, nitride semiconductor portions may grow 
5 through the pinholes. This is considered as a cause 

for crystal defects. If, for example, the first growth 
control mask 73 is formed to be relatively thin, the 
barrier height that a nitride semiconductor crosses 
(the thickness of the first growth control mask 73) 

10 decreases. Therefore, a nitride semiconductor easily 

grows laterally on the masks 73. The formation of such 
growth control masks is obvious to a person skilled in 
the art. For example, these growth control masks can 
be formed in two separate processes. 

15 The relationship between the first growth control 

mask 73 and the dissimilar substrate 11 is preferably 
equivalent to the previously described relationship 
between the selective growth mask and the dissimilar 
substrate 11. Therefore, the items described under the 

20 title <Preferable Relationship between Dissimilar 

Substrate and Selective Growth Mask> equally apply to 
the first growth control mask 73. More specifically, 
the first growth control mask 7 3 is preferably made up 
of a plurality of individual stripes each having a 

25 substantially rectangular cross-section. In this case, 

the respective individual stripes are preferably formed 
on the sapphire C plane to extend parallel in a 



direction perpendicular to the sapphire C plane, or on 
the sapphire A plane to extend parallel in a direction 
perpendicular to the sapphire R plane. Alternatively, 
the respective individual stripes are preferably formed 
on the spinnel (111) plane to extend parallel in a 
direction perpendicular to the spinnel (110) plane. 
Therefore, the respective recess portions 72 are 
preferably formed by a plurality of individual grooves 
extending in the same direction as that of the striped 
growth control mask 7 3 . The top surface of each wall 
defined between adjacent grooves preferably has the 
same plane shape as that of each striped growth control 
mask 73. 

Each of the plurality of striped growth control 
masks 7 3 preferably has a width (corresponding to the 
width Ws of the first selective growth mask) of 1 to 
2 0 jtzm, and more preferably 10 to 20 jum. The interval 
between the masks 7 3 is preferably 1 to 20 /zm, and more 
preferably 2 to 5 [im. 

After the recess portions 72 and the first and 
second growth control masks 7 3 and 74 are formed in 
this manner, nitride semiconductor portions 75 are 
grown from the exposed side surfaces of the nitride 
semiconductor layer 71 by the vapor-phase growth method 
described in association with the first and second 
aspects, as shown in FIG. 7C. 

As described with reference to FIG. 7B, the upper 
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surface portions (i.e., the top surfaces of the walls 
between the recess portions) of the nitride semiconduc- 
tor layer 71 , except for the side surfaces of the 
recess portions 72 formed therein, and the bottom 
5 surfaces of the recess portions 72 are covered with the 

growth control masks 7 3 and 74, and the nitride 
semiconductor layer 71 is exposed on only the side 
surfaces of the recess portions 72. For this reason, 
nitride semiconductor portions are grown from only 
10 these selective exposed surfaces of the nitride 

semiconductor layer 71 by the vapor-phase growth method. 

x x That is, the nitride semiconductor portions 75 start to 

■■ j 

grow laterally from the exposed side surfaces of the 
nitride semiconductor layer 71. As the nitride 

15 semiconductor portions 75 keep growing, they start to 

grow vertically as well as laterally. When the nitride 
semiconductor portions 75 reach the upper surfaces of 
the recess portions 72, each nitride semiconductor 
portion grows laterally from the two sides of each 

20 recess portion on the first growth control mask 73. As 

described in association with the first and second 
aspects, the adjacent nitride semiconductor portions 75 
combine into an integral nitride semiconductor crystal 
76, as shown in FIG. 7D. The nitride semiconductor 

25 crystal 7 3 whose growth direction is controlled in the 

initial growth period has good crystallinity with very 
few crystal defects even if the crystal is grown thick. 
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The nitride semiconductor crystal 75 to be grown 
is preferably a nitride semiconductor of the same type 
as that of the nitride semiconductor layer 71, and 
especially preferably undoped or n-type impurity-doped 
GaN. When the nitride semiconductor crystal 76 is to 
be doped with an n-type impurity during growth , the 
impurity can have a concentration gradient, as 
described previously. 

In the third aspect, the second growth control 
mask 74 is preferably formed. Even if this mask is not 
formed, a nitride semiconductor crystal. having 
excellent crystallinity can be grown. In this case, 
the description about the first selective growth 
masks 13 and the first windows 14 in association with 
the first and second aspects can be equally applied to 
the first growth control masks 7 3 and the recess 
portions 72 by regarding the first selective growth 
masks 13 and the first windows 14 described in 
association with the first and second aspects as the 
first growth control masks 73 and the recess portions 
72. In this case, each recess portion 72 should have a 
depth that does not expose the surface of the support 
member 10. In this case, it is especially preferable 
that each recess portion have a depth of 500 angstroms 
to 5 p, 

As is obvious from the above description, each of 
the nitride semiconductor crystals 16, 17, 116, and 76 
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(to be sometimes generically referred to as a substrate 
1000 hereinafter) grown by the method of the present 
invention has very few defects, and can be effectively 
used as a substrates for supporting a predetermined 
5 nitride semiconductor device thereon. 

It can be described that a nitride semiconductor 
substrate of the present invention, especially the 
nitride semiconductor substrate grown by the method 
according to the first to third aspects, has first and 

10 second major surfaces, the crystal defects in a region 

near the first major surface (i.e., the surface on 
which a device structure is supported or the grown- end 
face) are relatively few, and the crystal defects in a 
region near the second major surface are relatively 

15 many. The second major surface is a major surface 

closer to the dissimilar substrate 11 than the first 
major surface. If this nitride semiconductor substrate 
is doped with an n-type impurity, since the n-type 
impurity tends to concentrate in a region having many 

20 crystal defects, a surface region near the second major 

surface can form an n + -type region. If, therefore, an 
n-side electrode of a nitride semiconductor device is 
formed in this region, the threshold or forward voltage 
of the device can be decreased. 

25 It can also be described that regions (first 

regions) each having a relatively small number of 
crystal defects and regions (second regions) each 



having a relatively large number of crystal defects are 
unevenly distributed when viewed from the first major 
surface of the nitride semiconductor substrate of the 
present invention- The first regions correspond to the 
masks 13 and 73. The second regions correspond to the 
windows 14 and the recess portions 72. 

The device structure of the nitride semiconductor 
device of the present invention is supported on the 
nitride semiconductor substrate of the present 
invention. In this case, the nitride semiconductor 
substrate of the present invention may support the 
device structure in a free state wherein the support 
member 10 and the masks (13, 113, 73, 74, or the like) 
are removed, or may support the device structure in a 
state wherein the support member 10 and the masks are 
formed. In addition, the device structure can be 
formed on the nitride semiconductor of the present 
invention in the free state set in advance, or the 
nitride semiconductor can be set in the free state by 
removing the support member 10 and the masks after the 
device structure is formed on the nitride semiconductor 
with the support member 10 and the masks being formed. 

The nitride semiconductor substrate in the free 
state according to the present invention preferably has 
a thickness of 70 jum or more, more preferably 100 /im or 
more, and still more preferably 300 /zm or more. With a 
thickness of 70 jum or more, the nitride semiconductor 
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substrate becomes resistant to cracking and allows easy 
handling. Although the upper limit of the thickness is 
not specif ied, the substrate preferably has a thickness 
of 1 mm or less . 

The nitride semiconductor substrate having the 
dissimilar substrate according to the present invention 
preferably has a thickness of 1 to 50 lira. If the 
thickness falls within this range , the frequency of 
warpage of the overall wafer due to the thermal 
coefficient difference between the nitride semiconduc- 
tor substrate and the dissimilar substrate 11 decreases. 

The device structure to be supported on the 
nitride semiconductor substrate of the present 
invention is not specifically limited as long as it has 
a predetermined device function, and includes an LED 
device structure, an LD device structure, and the like. 
However, the device structure is not limited to these. 
The device structure of the present invention can 
include at least an n- or p-type nitride semiconductor. 
For example, a device structure can be presented, which 
has an n-type nitride semiconductor layer having a 
superlattice structure as an n-type nitride semiconduc- 
tor layer, and in which an n-type nitride semiconductor 
that allows an n-side electrode to be formed on the 
n-type layer of this superlattice structure is formed. 
For example, each of the LED device and LD device of 
the present invention basically has an active layer and 



53 



two cladding layers formed on the two sides of the 
active layer. 

In addition, as other arrangements of the nitride 
semiconductor device, e.g. , ^electrode and device shapes, 
any suitable electrode and shape can be used. 

In the present invention, the p and n sides mean 
opposite sides with respect to, for example, an active 
layer; the £ side is a side including a nitride 
semiconductor layer that can be doped with a p-type 
impurity, and the n side is a side including a nitride 
semiconductor layer that can be doped with an n-type 
impurity. 

FIG. 8A is a schematic sectional view showing the 
LED device structure formed on the nitride semiconduc- 
tor substrate 1000. FIG. 8B is a plan view of the 
structure. As is apparent from FIG. 8B, this LED 
device has an almost rectangular parallelepiped shape 
as a whole. 

As shown in FIG. 8A, an n-side buffer layer 81 
made of a nitride semiconductor doped with an n-type 
impurity such as Si, e.g., n-type GaN, is formed on the 
nitride semiconductor substrate 1000. In general, this 
buffer layer 81 is a nitride semiconductor crystal 
grown at a high temperature of 900°C or more. This 
high-temperature buffer layer 81 is discriminated from 
a low-temperature buffer layer (e.g., the buffer 
layer 12 in FIGS. 1A to 1C) to be grown at a low 
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temperature to ease the lattice mismatch between the 
substrate and the nitride semiconductor grown thereon, 
and serves as an n-type cladding layer. In manufacture 
ing an LED device, the buffer layer 81 is preferably 
5 formed to have a thickness of 20 angstroms or more. 

The buffer layer 81 preferably has a distorted 
superlattice structure formed by alternately stacking 
first and second nitride semiconductor layers having 
different compositions. The buffer layer having the 

10 superlattice structure can provide an n-side cladding 

layer having excellent crystallinity as a carrier 
confining layer. For example, a buffer layer having 
such a superlattice structure can be formed by 
alternately stacking an aluminum-containing nitride 

15 semiconductor doped with an n-type impurity, especially 

thin AlGaN layers, and undoped GaN layers. Note that 
the buffer layer having the superlattice structure 
preferably has a thickness of 50 angstroms or more. 
An active layer 82 is formed on the buffer 

20 layer 81. It is especially preferable that the active 

layer 82 have a quantum well structure including a well 
layer made of InGaN. The quantum well structure 
includes both a single quantum well (SQW) structure and 
a multi quantum well (MQW) structure. The multi 

25 quantum well structure is preferable. An active layer 

having a multi quantum well structure can be formed by, 
for example, alternately stacking first and second thin 
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InGaN layers having different compositions or 
alternately stacking thin InGaN layers and GaN layers. 
When the active layer 82 has a quantum well structure, 
one or both of the well layer and the barrier layer can 
5 be doped with an n- or p-type impurity or no impurity. 

If the active layer 82 has not a quantum well structure, 
the active layer is doped with an n-type impurity 
and/or a p-type impurity. 

A p-side cladding layer 83 made of a p-type 
10 nitride semiconductor doped with a p-type impurity, 

e.g., Mg, is formed on the active layer 82. The p-side 
cladding layer 83 is preferably made of an 
aluminum-containing nitride semiconductor, especially 
AlGaN . 

15 A p-side contact layer 84 made of a p-type nitride 

semiconductor doped with a p-type impurity, e.g., Mg, 
is formed on the p-side cladding layer 83. It is 
especially preferable that this p-side contact layer 84 
be made of p-type GaN. 

20 A light-transmitting p-electrode 85 is formed on 

almost the entire surface of the p-side contact layer, 
and a disk-like bonding pad 86 is formed on substan- 
tially the central portion of the p-electrode 85. 

As shown in FIG. 8A, the p-side contact layer 84, 

25 the p-side cladding layer 83, the active layer 82, and 

the buffer layer 81 are etched to expose their side 
surfaces. This etching proceeds until it reaches a 
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portion in the surface of the substrate 1000 to form a 
"cutting margin". The formation of the cutting margin 
upon etching in this manner reduces the impact applied 
to the p-n junction when each chip is cut later. As a 
result, LED devices each having higher reliability can 
be obtained, and the yield improves. In addition, this 
"cutting margin" is preferably formed on a portion 
corresponding to each window portion 14 of the first 
selective growth mask 13. Furthermore, with the 
formation of the "cutting margin", when the sapphire 
substrate, the first selective mask, and the like are 
removed, a chip cutting position that indicates a 
region having many crystal defects and a region having 
few crystal defects can be accurately discriminated. 

As described above, by doping the nitride 
semiconductor substrate 1000 with an n-type impurity, 
an n-side electrode 87 can be formed on the entire 
lower surface of the substrate 1000. 

FIG. 9 schematically shows a cross-section of an 
LED device having a structure similar to that of the 
LED device in FIGS. 8A and 8B except that the nitride 
semiconductor substrate of the present invention is 
kept supported on the support member 10. In the LED 
device shown in FIG. 9, a p-side contact layer 84, a 
p-side cladding layer 83, and an active layer 85 are 
etched to expose their side surfaces. This etching 
reaches the n-side buffer layer 81 as well to partly 
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leave the n-side buffer layer 81. An n-side electrode 
87 is formed on the surface of the left n-side buffer 
layer 81. 

FIG. 10 is a schematic sectional view showing the 
5 laser diode (LD) structure formed on the substrate 1000 

of the present invention. 

A buffer layer 111 made of a nitride semiconductor 
is formed on the nitride semiconductor substrate 1000. 
This buffer layer 211 is a nitride semiconductor 

10 single-crystal layer grown at a high temperature of 

900°C or more. This layer is discriminated from a 
low-temperature buffer layer (e.g., the buffer layer 12 
in FIGS. 1A to 1C) to be grown at a low temperature to 
ease the lattice mismatch between the substrate and the 

15 nitride semiconductor grown thereon. When an LD device 

is to be manufactured, this buffer layer 211 preferably 
has a thickness of 100 angstroms or less, more 
preferably 70 angstroms or less, and most preferably 50 
angstroms or less, and is preferably formed into a 

20 distorted superlattice structure obtained by 

alternately stacking first and second thin nitride 
semiconductor layers having different compositions. 
With the distorted superlattice structure, the 
crystallinity improves, and hence a high-output LD 

25 device can be realized. Note that this buffer 

layer 211 can be omitted. 

A crack prevention layer 212 made of a nitride 
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semiconductor is formed on the buffer layer 211. If 
this crack prevention layer 212 is made of an 
indium-containing n-type nitride semiconductor, 
preferably InGaN, the occurrence of cracks in the 
aluminum-containing nitride semiconductor layer that 
can be formed layer can be effectively prevented. The 
crack prevention layer 212 is most preferably made of 
In x Gai_ x N (0 < x < 0.5). The crack prevention 
layer 212 is preferably formed to have a thickness from 
100 angstroms to 0.5 fim. If this layer is thinner than 
100 angstroms, the layer is difficult to serve as a 
crack prevention layer. If the layer is thicker than 

0. 5 fim, the crystal itself tends to become black. Note 
that the crack prevention layer 212 can be omitted. 

An n-side cladding layer 213 made of an n-type 
nitride semiconductor is formed on the crack prevention 
layer 212. This n-side cladding layer 213 serves as 
both a carrier confining layer and a light confining 
layer. The n-side cladding layer 213 preferably has a 
superlattice structure obtained by alternately stacking 
first and second nitride semiconductor portions having 
different band gap energies. Such a superlattice 
structure preferably includes an aluminum-containing 
nitride semiconductor, and more preferably AlGaN. In 
this case, the threshold of the LD device can be 
decreased by performing so-called modulated doping, 

1. e., doping either the first layer or the second layer 
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with an impurity at a higher concentration. For 
example , the n-side cladding layer 213 having such a 
superlattice structure can be formed by alternately 



impurity, e.g., Si, and undoped thin GaN layers. The 
superlattice structure can provide a carrier confining 
layer having good crystallinity without any crack. The 
n-side cladding layer 213 preferably has a thickness 
from 100 angstroms to 2 jtxm, and more preferably from 
500 angstroms to 1 /zm. 

An n-side light guide layer 214 made of a nitride 
semiconductor is formed on the n-side cladding 
layer 213. This n-side light guide layer 214 serves as 
a guide layer for light from an active layer 215 (to be 
described later) , and is preferably made of GaN or 
InGaN. The n-side light guide layer 214 is preferably 
formed to have a thickness of 100 angstroms to 5 /im, 
and more preferably 200 angstroms to 1 fim. In general, 
the n-side light guide layer 214 is doped with an 
n-type impurity, e.g., Si or Ge, to have an n-type 
conductivity, but not be doped with such an impurity. 
The n-side light guide layer 214 can be a layer having 
a superlattice structure. The n-side light guide 
layer 214 having such a superlattice structure can be 
formed by alternately stacking, for example, first 
layers made of a first nitride semiconductor, e.g., GaN, 
and second layers- made of a second nitride 



stacking thin AlGaN 




with an n-type 
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semiconductor different from the first nitride 
semiconductor , e.g., InGaN. In this case, at least one 

of the first and second layers may be doped with an 

ii 

n- type impurity or may not be doped. 

In the present invention, the magnitude of band 
gap energy is determined with reference to the band gap 
energy of a layer having a higher band gap energy in a 
superlattice structure, whereas the magnitude of band 
gap energy of an active layer having a quantum well 
structure is determined with reference to the band gap 
energy of a well layer. 

The active layer 215 made of a nitride 
semiconductor is formed on the n-side light guide 
layer 214, It is especially preferable that this 
active layer 215 have a quantum well structure having a 
well layer made of an indium-containing nitride 
semiconductor (preferably InGaN or InAlN) . Such a 
quantum well structure may be a single quantum. well 
(SQW) structure or a multi quantum well (MQW) structure 
including a well layer and a barrier layer. The multi 
quantum well structure is preferable. For example, a 
multi quantum well structure can be formed by 
alternately stacking InGaN nitride semiconductors 
having different compositions, or may be formed by 
alternately stacking GaN and InGaN layers. An active 
layer having a quantum well structure allows a well 
layer and/or a barrier layer to be doped with an 



impurity or no impurity. An active layer having an 
undoped quantum well structure is preferable. In this 
case, as a well layer, an InAlN layer can be used in 
place of an InGaN layer. 

A p-side cap layer 216 having a band gap energy 
higher than that of a p-side light guide layer 217 (to 
be described later) and that of an active layer 215 (a 
well layer in a quantum well structure) is formed on 
the active layer 215. The p-side cap layer 216 is 
preferably formed to have a thickness of 0.1 p or less, 
more preferably 500 angstroms or less, and most 
preferably 300 angstroms or less. If the thickness of 
the p-side cap layer 216 is larger than 0.1 /zm, the 
p-side cap layer 216 tends to crack. The p-side cap 
layer 216 therefore tends to be difficult to grow as a 
nitride semiconductor with good crystallinity . The 
p-side cap layer 216 is made of an aluminum-containing 
nitride semiconductor, especially preferably AlGaN. In 
this case, as the composition ratio of Al of AlGaN 
increases, the laser oscillation of the LD device is 
facilitated with a decrease in the thickness of the 
p-side cap layer 216. If, for example, the p-side cap 
layer 216 is to be made of AlyGa^.yN wherein the y 
value is 0.2 or more, it is especially preferable to 
adjust the thickness of the p-side cap layer 216 to 500 
angstroms or less. Although the lower limit of the 
thickness of the p-side cap layer 216 is not specified, 
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the p-side cap layer 216 is preferably formed to have a 
thickness of 10 angstroms or more. The p-side cap 
layer 216 may be doped with a p-type impurity to become 
a p-type layer. However, this layer may be doped with 
5 an n-type impurity to become a carrier-compensated 

i-type layer or may be undoped because it is thin. 
Most preferably, the p-side cap layer 216 is doped with 
a p-type impurity. 

The p-side light guide layer 217 made of a nitride 

10 semiconductor having a band gap energy lower than that 

of the p-side cap layer 216 is formed on the p-side cap 
layer 216. This p-side light guide layer 217 serves as 
a guide layer for light from the active layer 215, and 
is preferably made of GaN or InGaN, similar to the 

15 n-side light guide layer 214. In addition, the p-side 

light guide layer 217 can serve as a barrier layer 
during the growth of a p-side cladding layer 218 (to be 
described later) . The p-side light guide layer 217 is 
preferably formed to have a thickness of 100 angstroms 

20 to 5 p, and more preferably 200 angstroms to 1 fim so 

as to serve as a desirable light guide layer. In 
general, the p-side light guide layer 217 is doped with 
a p-type impurity, e.g., Mg, to have a p-type 
conductivity, but may not be doped. Note that the 

25 p-side light guide layer 217 may have a superlattice 

structure. Such a superlattice structure can be formed 
by sequentially stacking first and second nitride 



semiconductor layers having different band gap energies. 
The p-side light guide layer 217 having this 
superlattice structure can be formed by alternately 
stacking, for example, first layers made of GaN and 
second layers made of InGaN. In this case, at least 
one of the first and second layers may be doped with a 
p-type impurity or may not be doped. 

The p-side cladding layer 218 made of a nitride 
semiconductor is formed on the p-side light guide 
layer 217. Similar to the n-side cladding layer 213, 
this layer 218 serves as a carrier confining layer and 
a light confining layer. The p-side cladding layer 218 
preferably contains an aluminum-containing nitride 
semiconductor, and more preferably AlGaN. When this 
layer is formed as a superlattice structure, it serves 
to decrease the resistivity of the p-side layer. Such 
a superlattice structure can be formed by sequentially 
stacking first and second nitride semiconductor layers 
having different band gap energies. In this case, the 
threshold of the LD device can be decreased by 
performing so-called modulated doping, i.e., doping 
either the first layer or the second layer with an 
impurity at a higher concentration. For example, this 
p-side cladding layer 218 can be formed by alternately 
stacking first thin layers made of AlGaN doped with a 
p-type impurity, e.g., Mg, and second thin layers made 
of undoped GaN. The p-side cladding layer 218 is 
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preferably formed to have a thickness from 100 
angstroms to 2 /zm, and more preferably from 500 
angstroms to 1 p. 

To decrease the forward voltage Vf of the LD 
5 device , making the p-side cladding layer 218 have a 

superlattice structure is preferable to make the n-side 
cladding layer 213 have a superlattice structure 
because the resistance of each p-side layer tends to 
decrease. 

10 In a nitride semiconductor device having a 

double-hetero structure including the active layer 215 
having a quantum structure, especially an LD device, it 
is very preferable that the cap layer 216 having a band 
gap energy higher than that of the active layer 215 and 

15 a thickness of 0.1 //m or less and containing an 

aluminum-containing nitride semiconductor be formed in 
contact with the active layer 215, the p-side light 
guide layer 217 having a band gap energy lower than 
that of the cap layer 216 and containing a nitride 

20 semiconductor be formed at a greater distance from the 

active layer 85 than the cap layer 86, and the p-side 
cladding layer 218 having a band gap energy higher than 
that of the p-side light guide layer 217, containing an 
aluminum-containing nitride semiconductor, and having a 

25 superlattice structure be formed at a greater distance 

from the active layer 215 than the p-side light guide 
layer 217. In this case, since the p-side cap 
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layer 216 has a larger band gap energy , the electrons 
injected from the n-side layer are blocked by the cap 
layer 216. As a result, the electrons do not overflow 
the active layer 215, and he*nce the leakage current of 
5 the LD device is reduced. 

The LD device structure is basically made up of 
the n-side cladding layer 213, the n-side light guide 
layer 214, the active layer 215, the p-side light guide 
layer 217, and the p-side cladding layer 218. 

10 In addition, a p-side contact layer 219 made of a 

p-type nitride semiconductor is formed on the p-side 
cladding layer 218 to mount a p-electrode. This p-side 
contact layer 219 is preferably made of In a AlbGai_ a _k N 
(0 ^ x, 0 ^ y, x + y^l) doped with a p-type impurity, 

15 especially GaN doped with a p-type impurity, especially 

Mg. The p-side contact layer 219 is preferably formed 
to have a thickness of 500 angstroms or less, more 
preferably from 20 angstroms and 400 angstroms. 

As shown in FIG. 10, the p-side contact layer 219 

20 as the uppermost layer and part of the p-side cladding 

layer 218 are etched "in the form of stripes to form a 
ridge. A p-side electrode 220 is formed on the entire 
surface of the top surface of this ridge. The p-side 
electrode 220 is preferably made of Ni, Pt, Pd, Co, 

25 Ni/Au (multilayer or alloy), Pt/Au (multilayer or 

alloy) , or Pd/Au (multilayer or alloy) to achieve more 
desirable ohmic contact with the p-side contact 



layer 219. 

An insulating film 221 preferably made of Si02 or 
ZrC>2 is formed on the exposed surfaces of the p-side 
cladding layer 218 and the p-side contact layer 219 
except for the top surface of the p-side electrode 220. 
A p-side pad 222 electrically connected to the p-side 
electrode 220 through this insulating film 221 is 
formed. 

Furthermore, as described above, the nitride 
semiconductor substrate 1000 has been doped with an 
n-type impurity to form an n-side electrode 22 3 on 
almost the entire lower surface of the substrate. If 
the n-side electrode 223 is made of a metal such as Al, 
Ti, W, Cu f Zn, Sn, or In, a multilayer made of these 
metals, or an alloy of the metals, more desirable ohmic 
contact with an n-type layer (the lower surface of the 
substrate 1000 in this case) can be achieved. As a 
metellization for mounting a heat sink (not shown) on 
the n-side electrode 223, a thin metal film (not shown) 
having a two-layer structure preferably made of Au/Sn 
is formed. 

FIG. 11 is a schematic perspective view showing an 
LD device having a structure similar to that shown in 
FIG. 10 except that a nitride semiconductor substrate 
1000 supported on a support member 10 supports the LD 
device. In the LD device shown in FIG. 11, except for 
a ridge, a p-side cladding layer 218, a p-side light 



guide layer 217 , a cap layer 216, an active layer 215, 
an n-side light guide layer 214, an n-side cladding 
layer 213, and a crack prevention layer 212 are etched 
to expose their side surfaces, thereby providing a 
rectangular parallelepiped structure. This etching 
reaches a portion in the surface of a buffer layer 211 
to expose the surface portions of the buffer layer 211 
on the two sides of the rectangular parallelepiped 
structure. N-side electrodes 223a and 223b are formed 
on the two exposed surface portions of the buffer 
layer 211 (in this case, the buffer layer 211 also 
serves as an n-side contact layer) . Obviously, an 
insulating film 221 covers the exposed side surfaces of 
the p-side cladding layer 218, the p-side light guide 
layer 217, the cap layer 216, the active layer 215, the 
n-side light guide layer 214, the n-side cladding 
layer 213, and the crack prevention layer 212. When 
the substrate 1000 is doped with an n-type impurity, 
the buffer layer 211 may be completely etched by the 
above etching to expose the surface of the substrate 
1000. In this case, the n-side electrodes 223a and 
223b can be formed on the exposed surface of the 
substrate 1000. In addition, an n-side electrode may 
be formed on only one side of the above rectangular 
parallelepiped structure. 

FIG. 12 shows the structure of still another LD 
device according to the present invention. In the LD 
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device shown in FIG. 12, an insulating film 221 is 
formed thick oh the exposed surface of a p-side 
cladding layer 218 such that the top surface of a 
p-side contact layer 219 is exposed. This LD device 
has a structure similar to that of the LD device in 
FIG. 11 except that the pad electrode 222 is not formed 
because a p-side electrode 220 is formed, in contact 
with the p-side contact layer 219, on a wide region of 
the insulating film 221. In addition, in the LD device 
in FIG. 12, only one n-side electrode 223 is formed. 

A nitride semiconductor as an element of the 
nitride semiconductor device structure of the present 
invention can be grown by using any of known methods 
suitable for the growth of a nitride semiconductor such 
as MOVPE, HVPE, and MBE. The MOVPE method is a 
preferable growth method. This method can grow an 
excellent crystal. However, since the MOCVD method 
takes a long period of time, a thicker nitride 
semiconductor layer is preferably formed by a method 
taking a relatively short period of time for crystal 
growth. In addition, nitride semiconductor portions 
are preferably grown by properly selecting various 
nitride semiconductor growth methods depending on the 
application purposes. In doping a nitride semiconduc- 
tor with an n-type impurity or a p-type impurity, as is 
known well in this field, a Group IV element in the 
form of an organic compound or a hydride can be used 
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as an n-type impurity, and a Group II element in the 
form of an organic compound can be used as a p-type 
impurity. 

The present invention will be described below with 
5 reference to examples. In each of the following 

examples , MOVPE was performed under a reduced pressure 
of 50 to 400 Torr. 
Example 1 

This example will be described with reference to 

10 FIGS. 1A to 1C. 

First of all, a striped photomask was formed on a 
sapphire substrate 11, 2 inches in diameter, having a C 
plane as a major surface and an ORF surface forming an 
A plane, and 0.1- jum thick selective growth masks 13 

15 made of many SiC>2 stripes having a stripe width of 

10 lira and a stripe interval (width of each window) of 
6 fim were formed by using a CVD apparatus. The 
respective stripe masks were formed to extend parallel 
in a direction perpendicular to the ORF surface. 

20 The sapphire substrate 11, on which the selective 

growth masks 13 were formed, was set in an MOVPE 
reaction vessel. A low-temperature buffer layer (not 
shown) made of GaN was then grown on the substrate 11, 
on which the selective growth masks 11 were formed, to 

25 a thickness of about 200 angstroms at a temperature of 

510°C by using hydrogen as a carrier gas and ammonia and 
TMG as source gases. This low-temperature buffer layer 
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was formed in only windows 14 . 

After the buffer layer was grown, only the flow of 
TMG was stopped (i.e., hydrogen carrier gas and ammonia 
were kept fed) , and the temperature was raised to 
5 1,050°C. At 1,050°C, a nitride semiconductor crystal 

substrate 16 made of GaN doped with Si at 1 x lO^/cm^ 
was grown to a thickness of 100 fim by using TMG and 
ammonia as source gases and silane gas as a dopant gas. 
Subsequently, the wafer, on which the GaN crystal 

10 substrate was grown, was removed from the reaction 

vessel, and the surface of the GaN crystal substrate 16 
was formed into a mirror surface by lapping. 
Comparative Example 1 

For comparison, a GaN buffer layer was directly 

15 grown on a sapphire substrate as in Example 1 to a 

thickness of 200 angstroms, in the same manner as 
described above, without forming the selective growth 
masks 13. GaN doped with Si at 1 x 10 18 /cm 3 was then 
grown on the buffer layer to a thickness of 100 fim in 

20 the same manner as described above. 

When the number of lattice defects (crystal 
defects) per unit area in the GaN crystal obtained in 
Example 1 and that in the GaN crystal obtained in 
Comparative Example 1 were measured by two-dimensional 

25 TEM observation, the number of lattice defects in the 

GaN crystal in Example 1 was 1/10 or less that in 
Comparative Example 1. 
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Example 2 

This example will be described with reference to 
FIGS. 6A to 6C. 

Second selective growth masks 113 having a stripe 
5 width of 10 /im and a stripe interval of 6 fim were grown 

on the surface of a GaN crystal 16 obtained as in 
Example 1 to a thickness of 0-1 Min in the same manner 
as in Example 1. The positions of the second selective 
growth masks 113 were shifted from those of first 
10 selective growth masks 13. More specifically, mask 

alignment was performed such that the respective 
stripes of the second selective growth masks 113 were 
located at positions corresponding to windows 14 of the 
first selective growth masks and extend parallel to the 
15 first selective growth masks 13. 

The wafer, on which the second selective growth 
masks 113 were formed, was placed back into the MOVPE 
reaction vessel, and a GaN crystal 116 doped with Si at 
1 x 10 18 /cm3 was grown to a thickness of 150 iim by 
20 using TMG and ammonia as source gases and silane gas as 

a dopant gas . 

The wafer, on which the GaN crystal 116 was grown, 
was removed from the reaction vessel. The surface of 
the crystal was then mirror-polished, and the number of 
/ \ 25 lattice defects (crystal defects) per unit area was 

measured by two-dimensional TEM observation in the same 
manner as in Example 1. The number of defects in the 



72 



GaN crystal 116 in this example was 1/100 or less that 
in the GaN crystal in Comparative Example 1. 
Example 3 

This example will be described with reference to 
FIGS. 1A to 1C and 6A to 6C. 

A low-temperature buffer layer made of GaN was 
grown on a sapphire substrate 11 as in Example 1 to a 
thickness of 200 angstroms, and an undoped GaN layer 
was grown on the buffer layer to a thickness of 5 //m, 
thereby forming an underlayer 12 having a two-layer 
structure. First selective growth masks 13 made up of 
many SiC>2 stripes having a stripe width of 10 fim and a 
stripe interval of 8 //m were grown on the flat surface 
of the underlayer 12 of a support member 10, obtained 
in this manner, to a thickness of 0.1 iim by the same 
method as in Example 1. The first selective growth 
masks 13 extended parallel in a direction perpendicular 
to the sapphire A plane. 

The wafer, on which the first selective growth 
masks 13 were formed, was moved into the MOVPE reaction 
vessel. An undoped GaN crystal 16 was then grown on 
the wafer to a thickness of 10 £im at 1,050°C by using 
TMG and ammonia as source gases . 

The wafer, on which the GaN crystal 16 was grown, 
was removed from the reaction vessel, and the surface 
of the GaN crystal 16 was formed into a mirror surface 
by lapping. Second selective growth masks 113 made up 



73 



of many Si3N4 stripes having a stripe width of 12 /xm 

J 

and a stripe interval of 6 jizm were grown on the surface- 

of this GaN crystal 16 to a thickness of 0.1 jitm by the 

4 

same method as in Example 1. The respective second 
5 strip masks were formed at positions corresponding to 

windows 14 of the first selective growth masks. 

The wafer , on which the second selective growth 
masks 113 were formed , was placed back into the MOVPE 
reaction vessel , and an undoped GaN crystal 116 was 
10 grown to a thickness of 150 /zm. The number of crystal 

defects in the obtained undoped GaN crystal 116 was 
almost equal to that in the GaN crystal in Example 2 . 
Example 4 

An Si-doped GaN crystal 16 was grown to a 
15 thickness of 100 tim by the same method as in Example 1 

except that a sapphire substrate having an A plane as a 
major surface and an ORF surface forming an R plane was 
used, and silicon dioxide stripe masks were formed to 
extend in a direction perpendicular to the R plane. 
20 The number of crystal defects in this GaN crystal 16 

was almost equal to that in the GaN crystal in Example 
1. 

Example 5 

This example will be described with reference to 
25 FIGS. 1A to 1C. 

A spinnel substrate 11 , 1 inch in diameter, having 
a (211) plane as a major surface and an ORF surface 
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forming a (110) plane was prepared. First selective 
growth masks 13 made up of many Si02 stripes were 
formed on the surface of this spinnel substrate 11 to 
extend in a direction perpendicular to the ORF surface. 
The stripe width was 12 i±m, and the stripe interval was 
6 //m. 

A quartz boat having Ga metal accommodated in a 
quartz reaction vessel was placed in the HVPE apparatus. 
The spinnel substrate 11, on which the first selective 
growth masks 13 were formed, was tilted at a position 
apart from the quartz boat. A halogen gas feed pipe 
was placed near the Ga metal in the reaction vessel, 
and a nitrogen source feed pipe was placed near the 
substrate 11. 

HC1 gas was fed into the reaction vessel, together 
with a nitrogen carrier gas, through the halogen gas 
feed pipe. In this case, the boat accommodating the Ga 
metal was heated to 900°C, and the spinnel substrate was 
heated to 1,050°C. The HC1 gas was then caused to react 
with the Ga metal to produce GaCl3. Ammonia gas was 
fed into the reaction vessel, together with a nitrogen 
carrier gas, through the nitrogen source feed pipe near 
the spinnel substrate 11, and silane gas was fed, 
together with hydrogen chloride gas, through the 
halogen gas feed pipe. Crystal growth was then 
performed for 3 hours at a growth rate of 50 /im/h. As 
a result, a GaN crystal 16 doped with Si at 
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1 x 10 1 ^/cm 3 was grown to a thickness of 150 /im. 

The wafer, on which the HVPE gallium nitride 
crystal 16 was grown, was removed from the reaction 
vessel. The uneven portions on the surface of the GaN 
crystal 16 were removed by lapping, and the number of 
lattice defects was measured. The number of defects in 
the GaN crystal 16 obtained in this example was equal 
to that in the GaN crystal in Example 1. 
Example 6 

This example will be described with reference to 
FIGS . 8A and 8B. 

A wafer having the Si-doped GaN crystal obtained 
in Example 1 was set in the reaction vessel of the 
MOVPE apparatus, and a high-temperature buffer layer 81 
made of GaN doped with Si at 1 x 10 18 /cm 3 was grown on 
the Si-doped GaN crystal to a thickness of 1 /zm at 
1,050°C. 

Subsequently, a 20-angstroms thick active layer 82 
made of Ing^Gag^N and having a single quantum well 
structure, a 0.3-//m thick p-side cladding layer 83 made 
of Mg-doped Alo.2G a 0.8 N / and a 0.5 -Mm thick p-side 
contact layer 84 made of Mg-doped GaN were sequentially 
grown on the high-temperature buffer 81 by MOVPE. 

After this step, the wafer was removed from the 
reaction vessel and annealed in a nitrogen atmosphere 
at 600°C to reduce the resistances of the p-side 
cladding layer 83 and the p-side contact layer 84. 



Etching was sequentially performed from the p-side 
contact layer 84 to partly expose the Si-doped GaN 
crystal. This etching provides a "cutting margin" in a 
subsequent scribing process. 

After etching, a 200-angstroms thick 
light-transmitting p-side electrode 85 having a 
two-layer structure made of Ni/Au was formed on almost 
the entire surface of the p-side contact layer 84. A 
0.5-jUm thick pad electrode 86 for bonding was formed on 
the p-side electrode 85. 

After the pad electrode 86 was formed, a sapphire 
substrate 11 of the wafer, a low-temperature buffer 
layer 12, and first selective growth masks 13 (see 
FIG. 1C) were removed by polishing to expose the lower 
surface of an Si-doped GaN crystal 16. A 0.5-//m thick 
n-side electrode 87 was formed on almost the entire 
lower surface. 

Subsequently, scribing was performed from the 
n-electrode side along the above cutting margin to 
cleave the M plane ((1100) plane) of the Si-doped GaN 
crystal 16 from a plane perpendicular to the M plane, 
thereby obtaining a 300- //m square LED chip. This LED 
emitted 520-nm green light with 20 mA. The output 
level and electrostatic breakdown voltage of the LED 
were twice or more those of the LED device grown on a 
conventional sapphire substrate. That is, this device 
exhibited excellent characteristics. 



Example 7 

This example will be described with reference to 
FIG . 10. 

A wafer, on which an Si-doped GaN crystal 116 
obtained in as Example 2 was grown, was set in the 
MOVPE reaction vessel of the MOVPE apparatus, and a 
high-temperature buffer layer 211 made of GaN doped 
with Si at 1 x 10l8/ cm 3 was grown on the Si-doped GaN 
crystal 116 to a thickness of 1 fim at 1,050°C. 

A crack prevention layer 212 made of Ino.iGag.gN 
doped with Si at 5 x lO^/cm-i wa s grown on the 
high-temperature buffer layer 211 to a thickness of 500 
angstroms . 

An n-side cladding layer 213 having a total 
thickness of 0.4 jim and a superlattice structure was 
formed on the crack prevention layer 212 by alternately 
stacking a total of 100 20-angstroms thick first layers, 
each made of n-type Alo^2Gao.8 N doped with Si at 5 x 
lO^/cm^, anc j 20-angstroms thick second layers, each 
made of undoped GaN. 

An n-side light guide layer 214 made of n-type GaN 
doped with Si at 5 x was grown on the n-side 

cladding layer 213 to a thickness of 0.1 jura. 

Subsequently, 25-angstroms thick well layers made 
of undoped Ing,2 Ga 0.8 N and 50-angstroms thick barrier 
layers made of undoped Ing . 01 Ga 0 . 95 N were alternately 
stacked to form an active layer 215 having a total 
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thickness of 175 angstroms and a multi quantum well 
(MQW) structure. 

A p-side cap layer 216 made of p-type Alo.3Gao.9N 
doped with Mg at 1 x 10 2 0 /cm 3 an d having a band gap 
5 energy higher than that of a p-side light guide 

layer 217 and that of the active layer 215 was grown to 
a thickness of 300 angstroms. 

The p-side light guide layer 217 made of p-type 
GaN doped with Mg at 1 x 10 20 /cm 3 and having a band gap 
10 energy higher than that of the p-side cap layer 216 was 

grown on the p-side cap layer 216 to a thickness of 
0.1 //m. 

Subsequently , 20-angstroms thick first layers made 
of p-type AlQ.2 Ga 0.8 N do P ed with Mg at 1 x 10 20 /cm 3 and 

15 20-angstroms thick second layers made of p-type GaN 

doped with Mg at 1 x 10 20 /cm 3 were alternately stacked 
on the p-side light guide layer 217 to form a p-side 
cladding layer 218 having a total thickness of 0.4 lira 
and a superlattice structure. 

20 Finally, a p-side contact layer 219 made of p-type 

GaN doped with Mg at 2 x 10 20 /cm 3 was grown to a 
thickness of 150 angstroms. 

After all the nitride semiconductor layers were 
grown, the wafer was annealed in a nitrogen atmosphere 

25 at 700°C in the reaction vessel, thereby further 

decreasing the resistance of each p-type layer. After 
annealing, the wafer was removed from the reaction 
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vessel, and the p-side contact layer 219 as the 
uppermost layer and the p-side cladding layer 218 were 
etched by using an RIE apparatus, so that a 4-/zm wide 
striped ridge was formed, A p-side electrode 220 
having a two-layer structure made of Ni/Au was formed 
on the entire top surface of the ridge. An insulating 
film 221 made of SiC>2 was formed on the exposed side 
surfaces of the p-side cladding layer 218 and the 
contact layer 219 except for the p-side electrode 220. 
A p-side pad electrode 222 electrically connected to 
the p-side electrode 220 was formed through this 
insulating film 221. 

After the p-side pad electrode 222 was formed, a 
sapphire substrate 11 of the wafer, a buffer layer 12, 
first selective growth masks 13, a first GaN crystal 16, 
second selective growth masks 113, and part of the 
second GaN crystal 116 were removed by polishing to 
expose the lower surface of the second GaN crystal. A 
0.5-//m thick n-side electrode 223 having a two-layer 
structure made of Ti/Al was formed on the entire lower 
surface of the second GaN crystal. A thin Au/Sn film 
for metallization for a heat sink was formed on the 
n-side electrode 223. 

Subsequently , the wafer was scribed from the 
n-side electrode 223 to cleave the second GaN crystal 
116 in the form of a bar from the M plane ((1100) 
plane) of the second GaN crystal 116 corresponding to a 
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side surface of a hexagonal prism in FIG. 3, thereby 
manufacturing a resonance surface. A dielectric 
multilayer film made of Si02 and TiC>2 was formed on 
this resonance surface. Finally, the bar was cut in a 
direction parallel to the extending direction of the 
p-side electrode 220 to obtain laser chips. When the 
LD device product obtained by placing the respective 
chips on the heat sink with the chips facing up (in a 
state wherein the substrate faces the heat sink) , and 
performing wire bonding for the p-side pad 222 was 
laser-oscillated at room temperature, continuous 
oscillation of an oscillation wavelength of 405 nm was 
observed at room temperature, a threshold current 
density of 2.0 kA/cm 2 , and a threshold voltage of 4.0V. 
This product exhibited an oscillation life of 1,000 hrs 
or more. 
Example 8 

This example will be described with reference to 
FIG. 9. 

On an undoped GaN crystal 116 obtained as in 
Example 2, a high-temperature buffer layer 81 made of 
GaN doped with Si at 1 x 10 18 /cm 3 , a 20-angstroms thick 
active layer 82 made of In0.4GaQ.6N and having a single 
quantum well structure, a 0.3-/zm thick p-side cladding 
layer 83 made of Alg^Gag^N doped with Mg, and a 
0.5-^m thick p-side contact layer 84 made of Mg-doped 
GaN were sequentially grown by the same method as in 
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Example 6. A light-transmitting p-side electrode 85 
was formed on almost the entire surface of the p-side 
contact layer 84 in the same manner as in Example 6. A 
pad electrode 86 was formed on the p-electrode 85. 
After a predetermine etching step, an n-side electrode 
87 was formed on the high-temperature buffer layer 81. 

The LED device of this example differs from the 
LED device of Example 6 in that. the LED device 
structure of this example is formed on the second GaN 
crystal 116 having better crystallinity than the GaN 
crystal 116 of Example 1, and the p-side electrode 85 
and the n-side electrode 87 are formed on the same 
surface side of the substrate. In a nitride 
semiconductor device having a structure in which a 
nitride semiconductor doped with an n- type impurity 
(high-temperature buffer layer 81) is stacked on an 
undoped GaN crystal substrate in this manner, when an 
n-electrode is formed on the n-type layer side, an LED 
device with low Vf and high emission efficiency tends 
to be easily obtained by forming the n-electrode on the 
nitride semiconductor layer doped with an n- type 
impurity. In fact, both the output level and 
electrostatic breakdown voltage of the LED device of 
Example 8 increased about 1.5 times those of the LED 
device of Example 6 . 
Example 9 

This example will be described with reference to 
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FIGS. 1A to 1C and 9. 

Similar to Example 3, a 2 00-angstroms thick 
low-temperature buffer layer made of GaN and a 4-/im 
thick undoped GaN layer were grown on a sapphire 
substrate 11 having a C plane as a major surface and an 
ORF surface forming an A plane so as to form an 
underlayer 12 having a tow-layer structure. First 
selective growth masks made up of many Si02 stripes 
having a stripe width of 20 /xm and a stripe interval of 
5 /zm were grown on the undoped GaN layer to a thickness 
of 0.1 iim by using a CVD apparatus. The first 
selective growth masks extended parallel in a direction 
perpendicular to the ORF surface. 

This wafer was transferred to the MOVPE apparatus, 
and a GaN crystal doped with Si at 1 x lO^/cm 3 was 
grown to a thickness of 15 /zm. 

Subsequently, in the same manner as in Example 8, 
a high-temperature buffer layer made of GaN doped with 
Si at 1 x 10 18 /cm 3 , a 20-angstroms thick InQ.4Gao.6 N 
active layer having a single quantum well structure, a 
0.3-//m thick p-side cladding layer made of Mg-doped 
AlQ.2 Ga 0.8 N ' and a 0.5-jtm thick p-side contact layer 
made of Mg-doped GaN were sequentially grown on the 
Si-doped GaN crystal. Thereafter, etching was 
performed from the p-side cladding layer to expose the 
surface of the Si-doped GaN crystal having a high 
impurity concentration, and an n-side electrode was 
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formed on the exposed surface. A light-transmitting 
p-side electrode was formed on almost the entire 
surface of the p-side contact layer. A pad electrode 
for bonding was formed on the p-side electrode. As 
described above, in this LED device, the n- and p-side 
electrodes were formed on the same surface of the 
substrate. Finally, the sapphire substrate was thinned 
to a thickness of about 50 jum by polishing, and 
scribing was performed on the polished surface side to 
obtain a 350- fim square LED device. This LED device 
exhibited characteristics almost equivalent to those of 
the LED device of Example 6, but the yield of device 
itself was 100 times or more that in Example 6. 
Example 10 

This example will be described with reference to 
FIGS. 1A to 1C, 2, and 9. 

A sapphire substrate 11, 2 inches diameter, having 
an off angle 0 = 0.13° from the C plane, a step 
difference of about 15 angstroms, steps each having a 
terrace width W of about 56 angstroms, and an ORF 
surface forming an A plane was prepared. 

Similar to Example 9, a low-temperature buffer 
layer made of GaN was grown on the off-angled surface 
of this sapphire substrate to a thickness of 200 
angstroms, and an undoped GaN layer was grown on the 
buffer layer to a thickness of 4 /xm to form an 
underlayer 12 having a two-layer structure. Thereafter, 
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first selective growth masks 13 made up of many Si02 
stripes having a stripe width of 25 fim and a stripe 
interval of 5 iim were grown on this undoped GaN layer 
to a thickness of 0.1 lira. The first selective growth 
5 masks extended parallel in a direction perpendicular to 

the A plane. 

This wafer was transferred to the MOVPE apparatus, 
and a GaN crystal doped with Si at 1 x 10 19 /cm 3 was 
grown on the wafer to a thickness of 10 //m. 

10 A high-temperature buffer layer made of GaN doped 

with Si at 1 x 10 18 /cm3, a 20-angstroms thick 
In 0.4 Ga 0.6 N active layer having a single quantum well 
structure , a 0.3-/im thick p-side cladding layer made of 
Mg-doped AlQ.2 Ga 0.8 N ' and 0.5-jum thick a p-side contact 

15 layer made of Mg-doped GaN were sequentially grown on 

the Si-doped GaN crystal. 

Subsequently , a 350- /zm square LED device was 
obtained by performing the same processing as that in 
Example 9 . The output level of this LED device 

20 improved 5% as compared with the LED device of Example 

9, and the yield of the device itself was high as in 
Example 9 . 
Example 11 

After a GaN crystal doped with Si at 1 x 10 19 /cm 3 
25 was grown to a thickness of 10 /xm following the same 

procedure as in Example 9, the wafer was removed from 
the reaction vessel of the MOVPE apparatus, and 0.1- /im 



85 

thick second selective growth masks made up of silicon 
dioxide stripes , each having a stripe width of 15 /zm, 
were formed at positions corresponding to the window 
portions of the first selective growth masks • The 
wafer, on which the second selective growth masks were 
formed, was transferred to the MOVPE apparatus, and a 
second GaN crystal 116 doped with Si at 1 x lO^/cm^ 
was grown to a thickness of 15 /zm. 

Subsequently, in the same manner as in Example 9, 
a high-temperature buffer layer made of GaN doped with 
Si at 1 x 10 18 /cm3, a 20-angstroms thick InQ.4Gao.6 N 
active layer having a single quantum well structure, a 
0.3-/zm thick p-side cladding layer made of Mg-doped 
A 3-0.2 Ga 0.8 N ' and a 0.5-//m thick p-side contact layer 
made of Mg-doped GaN were sequentially grown on the 
second Si-doped GaN crystal 116. Thereafter, a 350- /zm 
square LED device was obtained by following the same 
procedure as in Example 9 . This LED device exhibited 
almost the same characteristics as those of the LED 
device of Example 8. The yield of the device itself 
was 100 times or more that in Example 8. 
Example 12 

This example will be described with reference to 
FIGS- 8A and 8B, in particular. 

A sapphire substrate 11 having a C plane as a 
major surface and an ORF surface forming an A plane was 
set in the reaction vessel of the MOVPE apparatus, and 
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a low-temperature buffer layer made of GaN was grown on 

the sapphire substrate 11 to a thickness of 200 

angstroms at 500°C. Thereafter, the temperature in the 

4 

reaction vessel was set to 1,050°C to grow a GaN layer 
to a thickness of 5 /zm, thereby forming an 
underlayer 12 having a two-layer structure. 

This wafer was removed from the reaction vessel. 
Stripe photomasks were then formed on the top surface 
of the underlayer 12. Selective growth masks 13 made 
up of many Si02 stripes having a stripe width of 20 jum 
and a stripe interval (width of each window) of 5 /zm 
were formed to have a thickness of 0.1 /zm by using a 
CVD apparatus. The respective stripe masks extended 
parallel in a direction perpendicular to the ORF 
surface . 

The wafer, on which the first selective growth 
masks 13 were formed, was set in the MOVPE reaction 
vessel again, and a GaN crystal 16 doped with Si at 1 x 
10 18 /cm 3 was grown to a thickness of 100 /zm at 1,050°C. 

The wafer, on which the Si-doped GaN crystal 16 
was grown, was removed from the MOVPE reaction vessel, 
and the surface of the Si-doped GaN crystal 16 was 
formed into a mirror surface by lapping. The number of 
crystal defects in the surface region, of this Si-doped 
GaN crystal 16, which corresponds to each first 
selective growth mask 13 was 10 6 /cm 2 or less. 

The wafer, on which the Si-doped GaN crystal 16 
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was grown, was transferred to the MOVPE reaction vessel 
again, and a buffer layer (n-side cladding layer) 81 
made of GaN doped with Si at 1 x 10 18/ cm 3 was grown on 
the Si-doped GaN crystal 16 to a thickness of 1 /xm. 

Subsequently, a 20-angstroms thick undoped 
In 0.4 Ga 0.6 N active layer 82 having a single quantum 
well structure, a 0.3-/zm thick p-side cladding layer 83 
made of Alg.2 Ga 0.8 N doped with Mg at 1 x 1020/ cm 3 / anc j 
a 0.5-//m thick p-side contact layer 84 made of GaN 
doped with Mg at 1 x 10 20 /cm3 were sequentially grown 
on the n-side cladding layer 81. 

After this step, the wafer was removed from the 
MOVPE reaction vessel and annealed in a nitrogen 
atmosphere at 600°C to reduce the resistances of the 
p-side cladding layer 83 and the p-side contact 
layer 84. Etching was then performed from the p-side 
contact layer 84 to expose the surface of the n-side 
cladding layer 81 or the GaN crystal 16, and a cutting 
margin was formed. 

After the etching step, a 200-angstroms thick 
light-transmitting p-side electrode 85 having a 
two-layer structure made of Ni/Au was formed on almost 
the entire surface of the p-side contact layer 84, and 
a Q.5-/zn\ thick p-side pad electrode 86 for bonding was 
formed on the p-electrode 85. 

After the p-side pad electrode 86 was formed, the 
sapphire substrate 11 of the wafer, the underlayer 12, 
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and the first selective growth masks 13 were removed by 
polishing to expose the lower surface of the GaN 
crystal 16, and a 0.5- Mm thick n-side electrode 87 
having a two-layer structure made of W/Al was formed on 
almost the entire lower surface. 

Subsequently, the wafer was cut along the cutting 
margin into a bar, and the bar was cut in a direction 
perpendicular to a short side of the bar to obtain an 
LED chip. The crystal defects in the nitride 
semiconductor layer under the active layer of this LED 
chip were few in a portion on each first selective 
growth mask, and were many in a portion on each window 
portion. A highly reliable device can therefore be 
obtained by setting a large area of the active layer in 
the regions having few crystal defects. The LED 
obtained in this example emitted 52 0-njti green light 
with 20 mA. The output level and electrostatic 
breakdown voltage of the LED were twice or more those 
of a nitride semiconductor device structure grown on a 
conventional sapphire substrate. That is, this device 
exhibited excellent characteristics . 

In this example, each first selective growth mask 
was in the form of a stripe. However, selective growth 
masks may be formed in advance to have a regular dot 
pattern in accordance with the shape of each chip to be 
cut (e.g., a rectangular shape), and chips may be cut 
at positions corresponding to the window portions of 
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the selective growth masks . 
Example 13 

This example will be described with reference to 
FIG. 11, in particular, 
5 A GaN crystal 16 doped with Si at 1 x 10 18 /cm 3 was 

grown to a thickness of 6 /im by the same method as in 
Example 12. 

The wafer, on which this GaN crystal 16 was grown, 
was set in the MOVPE reaction vessel, and a 
10 high-temperature buffer layer 211 made of GaN doped 

with Si at 1 x 10 18 /cm 3 was grown on this Si-doped GaN 
crystal 15 at 1,050°C. 

A crack prevention layer 212 made of Ino.iGag.gN 
doped with Si at 5 x 10 18 /cm 3 was grown on the 
15 high-temperature buffer layer 211 to a thickness of 500 

angstroms . 

Subsequently, a total of 10 20-angstroms thick 
first layers made of n-type Al(j.2 Ga 0.8 N doped with Si 
at 5 x 10 18 /cm 3 and 20-angstroms thick second layers 

20 made of undoped GaN were alternately stacked on the 

crack prevention layer 212 to form an n-side cladding 
layer 213 having a total thickness of 0.4 //m and a 
superlattice structure. 

An n-side light guide layer 214 made of n-type GaN 

25 doped with Si at 5 x 10 18 /cm 3 was grown to a thickness 

of 0.1 jum- 

Twenty-five-angstroms thick well layers made of 
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undoped InQ.2 Ga 0.8 N and 50-angstroms thick barrier 
layers made of undoped Ing # oi Ga O . 99 N were alternately 
stacked on the n-side light guide layer 214 to form an 
active layer 215 having a total thickness of 175 
angstroms and a multi quantum well (MQW) structure. 

A p-side cap layer 216 made of p-type Alo.3GaQ.7N 
doped with Mg at 1 x 10 20 /cm3 and having a band gap 
energy higher than that of a p-side light guide 
layer 217 and that of the active layer 215 was grown on 
the active layer 215 to a thickness of 300 angstroms. 

The p-side light guide layer 217 made of p-type 
GaN doped with Mg at 1 x 10 2( Vcm 3 and having a band gap 
energy lower than that of the p-side cap layer 216 was 
grown on the p-side cap layer 216 to a thickness of 
0.1 Mm. 

Twenty-angstroms thick first layers made of p-type 
Alo.2 Ga 0.8 N doped with Mg at 1 x 10 20 /cm 3 and 
20-angstroms thick second layers made of p-type GaN 
doped with Mg at 1 x 10 20 /cm 3 were alternately stacked 
on the p-side light guide layer 217 to grow a p-side 
cladding layer 218 having a total thickness of 0.4 /zm 
and a superlattice structure. 

Finally , a p-side contact layer 219 made of p-type 
GaN doped with Mg at 2 x 10 20 /cm 3 was grown to a 
thickness of 150 angstroms. 

After all the nitride semiconductor layers were 
grown, the wafer was annealed in a nitrogen atmosphere 



at 700°C in the reaction vessel to further decrease the 
resistance of each p-type layer. After the annealing 
step, the wafer was removed from the reaction vessel , 
and the p-side contact layer 219 as the uppermost layer 
and the p-side cladding layer 218 were etched by using 
an RIE apparatus to form a ridge having a stripe with 
of 4 tim. The ridge was formed above the first 
selective growth masks in a direction parallel to the 
stripes of the first selective growth masks. 

After the ridge was formed, the portions, of the 
p-side light guide layer 217, which were exposed on the 
two sides of the ridge stripe were etched to expose the 
surface portions, of the n-side cladding layer 211, on 
which n-side electrodes 223a and 223b were to be formed. 

After this step, a p-side electrode 220 having a 
two-layer structure made of Ni/Au was formed on the 
entire top surface of the ridge. An insulating film 
221 made of Si02 was formed on the surfaces of the 
p-side cladding layer 218 and the p-side contact 
layer 219 except for the p-side electrode 220, A 
p-side pad electrode 222 electrically connected to the 
p-side electrode 220 through the insulating film 221 
was formed. The n-side electrodes 22 3a and 223b having 
a two- layer structure made of W/Al were formed on the 
exposed surfaces of the n-side cladding layer 211. 

After the n-side electrode was formed, the 
sapphire substrate of the wafer was polished to a 
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thickness of 50 fim in the same manner as in Example 1. 
Thereafter, the active layer 215 was cleaved from the 
sapphire substrate 11 in a direction perpendicular to 
the p-side electrode 220 and the n-side electrodes 223a 
and 223b in the form of stripes, thereby making the 
cleavage surface of the active layer 215 serve as a 
resonance surface. The GaN crystal 16 includes regions 
having many crystal defects and regions having few 
crystal defects. In an LD device, the n-side 
electrodes 22 3a and 223b were formed on the regions 
having many crystal defects to omit the active 
layer 215. Since this eliminates the possibility that 
the active layer 215 on which heat concentrates is 
destroyed by crystal defects, a highly reliable LD 
device having a long service life can be realized. 

When the LD device obtained in this example was 
laser-oscillated at room temperature, continuous 
oscillation of an oscillation wavelength of 405 nm was 
observed at a threshold current density of 2.0 kA/cm 2 
and a threshold voltage of 4.0V. This product 
exhibited an oscillation life of 1,000 hrs or more. 
Example 14 

This example will be described with reference to 
FIGS. 1A to 1C, in particular. 

First of all, a striped photomask was formed on a 
sapphire substrate 11, 2 inches in diameters, having a 
C plane as a major surface and an ORF surface forming 
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an A plane by the same method as in Example 1, and 
first selective growth masks 13 made up of many Si02 
stripes having a stripe width of 10 fim and a stripe 
interval (window 14) of 5 iim were grown to a thickness 
of 1 fim. The respective stripes 13 extended in a 
direction perpendicular to the ORF surface of the 
sapphire substrate 11. 

The sapphire substrate 11 , on which the first 
selective growth masks 13 were formed , was set in the 
MOVPE reaction vessel, and a low-temperature buffer 
layer (not shown) made of GaN was grown on the 
substrate 1, on which the selective growth masks 13 
were formed, to a thickness of about 20 angstroms by 
setting a temperature of 510° and using hydrogen as a 
carrier gas and ammonia and TMG as source gases. 

After the buffer layer was grown, only the flow of 
TMG was stopped, and the temperature was raised to 
1,050°C. A GaN crystal 16 doped with Si at 1 x 10 18 /cm 3 
was grown to a thickness of 100 iim at 1,050°C by using 
TMG and ammonia as source gases and silane gas as a 
dopant gas . 

After this step, the wafer on which the GaN 
crystal 16 was grown was removed from the reaction 
vessel, and the surface of the GaN crystal (substrate) 
16 was formed into a mirror surface by lapping. 

The number of crystal defects in the GaN crystal 
obtained in Example 14 and that in the GaN crystal 
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obtained in Comparative Example 1 were measured by 
two-dimensional TEM observation. As a result, the 
average number of crystal defects in the GaN crystal 
obtained in Example 14 was 1.3 x 10 6 /cm 2 , and that in 
the GaN crystal in Comparative Example 1 was 2.4 x 
lO^/cm 2 . The number of crystal defects in the GaN 
crystal of Example 14 was 1/10 or less that in the GaN 
crystal in Comparative Example 1. 
Example 15 

This example will be described with reference to 
FIGS. 1A to 1C. 

A low-temperature buffer layer made of GaN was 
grown on the sapphire substrate 11 used in Example 14 
to a thickness of 200 angstroms, and an undoped GaN 
layer was grown on the buffer layer to a thickness of 
5 /zm, thereby forming an under layer 12 having a 
two-layer structure. One-/zm thick first selective 
growth masks 13 made up of many Si02 stripes having a 
stripe width of 10 //m and a stripe interval of 3 jam 
were formed on the top surface of the underlayer 12 of 
this wafer by the same method as in Example 14. The 
respective stripes 13 extended in a direction 
perpendicular to the ORF surface of the sapphire 
substrate 11. 

The wafer, on which the selective growth masks 13 
were formed, was transferred to the HVPE reaction 
vessel, and an Si-doped GaN crystal 16 was grown on the 
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wafer to a thickness of 300 lira at 1,050°C by using GaCl3 
and ammonia as source gases and silane gas as a dopant 
gas . 

The wafer , on which the GaN crystal 16 was grown, 
5 was removed from the reaction vessel. . The sapphire 

substrate 11, the underlayer 12, and the sapphire 
substrate 11 were removed by polishing, and the lower 
surface of the GaN crystal 16 was mirror-finished, 
thereby obtaining an Si-doped GaN crystal substrate. 

10 As in Example 14, when the number of crystal 

defects in the surface of the substrate on the opposite 
side to the polished surface was measured, the number 
was 1 x lO^/cm 2 , which was smaller than that in the GaN 
crystal of Example 14. That is, a device manufacturing 

15 substrate having very good crystallinity was obtained. 

Example 16 

An Si-doped GaN crystal 16 was grown to a 
thickness of 100 iim by the same method as in Example 14 
except that the sapphire substrate 11 having an A plane 

20 as a major surface and an ORF surface forming an R 

plane was used as the dissimilar substrate 11. Note 
that stripes 13 extended in a direction perpendicular 
to the R plane. As a result, the GaN crystal 16 having 
very few etching pits, which were almost equal in 

25 number to those in Example 1, was obtained. 

Example 17 

A spinnel substrate 11, 1 inch in diameter, having 
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a (111) plane as a major surface and a (110) plane 
forming an ORF surface was prepared. One-/zm thick 
first selective growth masks 13 made up of many Si02 
stripes were formed on the surface of this spinnel 
5 substrate 1 to extend in a direction perpendicular to 

the ORF surface by the same method as in Example 1. 
The strip width was 10 iim f and the stripe interval was 
3 fim. 

A GaN crystal 16 doped with Si at 1 x 10 18 /cm 3 was 
10 grown on the spinnel substrate 11, on which the 

selective growth masks 13 were formed, to a thickness 
of 150 /zm by the same HVPE method as that in Example 5. 

( \ 

The wafer, on which the Si-doped GaN crystal was 
grown, was removed from the reaction vessel, and the 

15 spinnel substrate 11 and the selective growth masks 13 

were removed by lapping. When the number of crystal 
defects in the resultant structure was measured in the 
same manner as in Example 14, the GaN crystal obtained 
in this example was a crystal having very few etching 

20 pits almost equal in number to those in Example 14. 

Example 18 

This example will be described with reference to 
FIGS. 8A and 8B, in particular. 

A sapphire substrate 11, a low-temperature buffer 
25 layer, and selective growth masks 13 were removed from 

a wafer obtained as in Example 14 by polishing so as to 
expose the lower surface of the Si-doped GaN crystal, 
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thereby obtaining an Si-doped GaN crystal substrate 
1000 in a free state. 

This Si-doped GaN crystal substrate 1000 was set 
in the reaction vessel of the MOVPE apparatus, and a 
high-temperature buffer layer 81 made of GaN doped with 
Si at 1 x 10 18/ cm 3 was grown on the surface of the 
substrate at 1,050%. 

A 20-angstroms thick Ino.4Gao.6 N active layer 82 
having a single quantum well structure, a 0.3-fim p-side 
cladding layer 83 made of AlQ.2 Ga 0.8 N doped with Mg at 
1 x 10 20 /cm 3 , and a 0.5-/zm thick p-side contact 
layer 84 made of GaN doped with Mg at 1 x 10 20 /cm3 were 
sequentially grown on the high-temperature buffer 
layer 81. 

The wafer, on which the respective nitride 
semiconductor layers were grown, was removed from the 
reaction vessel and was annealed in a nitrogen 
atmosphere at 600°C to decrease the resistances of the 
p-side cladding layer 83 and the p-side contact 
layer 84. Thereafter, etching was performed from the 
p-side contact layer 34 side to expose the upper 
surface of the Si-doped GaN crystal substrate 1000. 
With this etching step, a "cutting margin" for chip 
cutting was formed. 

After the above etching step, a 200-angstroms 
thick light-transmitting p-side electrode 85 having a 
two-layer structure made of Ni/Au was formed on almost 
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the entire upper surface of the p-side contact layer 84. 

A 0.5-jum thick pad electrode 86 for bonding was formed 

on the p-side electrode 85. 

After the pad electrode was formed, a 0.5-//m thick 
5 n-side electrode 87 was formed on the entire lower 

surface of the GaN crystal substrate 1000. 

After this step, scribing was performed from the 

n-electrode side along the above cutting margin to 

cleave the M plane ((1100) plane) of the GaN crystal 
10 substrate 1000 from a surface perpendicular to the M 

plane, thereby obtaining a 300- /zm square LED chip. 

This LED emitted 520-nm green light with 20 mA. The 

output level and electrostatic breakdown voltage of the 

LED were twice or more those of a device obtained by 
15 growing a nitride semiconductor device structure on a 

conventional sapphire substrate. That is, this device 

exhibited excellent characteristics. 

Example 19 

This example will be described with reference to 
20 FIG. 10. 

An Si-doped GaN crystal substrate 1000 in a free 
state, obtained as in Example 18, was set in the 
reaction vessel of the MOVPE apparatus, and an n-side 
cladding layer 213 was directly formed on the upper 
25 surface of this substrate 1000 without forming a buffer 

layer 211 and a crack prevention layer 212. More 
specifically, a total of 100 20-angstroms thick first 
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layers made of n-type Alo,2 Ga 0.8 N do P ed with Si at 1 x 
lO^/cm 3 and 20-angstroms thick second layers made of 
undoped GaN were alternately grown to form an n-side 
cladding layer 213 having a total thickness of 0.4 iim 
5 and a superlattice structure. 

An n-side light guide layer 214 made of n-type GaN 
doped with Si at 1 x 10 17 /cm3 was grown on the n-side 
cladding layer 213 to a thickness of 0.1 urn. 

Subsequently, 25-angstroms thick well layers made 
10 of Ino.2 Ga 0.8 N doped with Si at 1 x 10 17 /cm 3 and 

50-angstroms thick barrier layers made of Ino.oi Ga 0.95 N 
doped with Si at 1 x 10 17 /cm3 were alternately stacked 
on the n-side light guide layer 214 to form an active 
layer 215 having a total thickness of 175 angstroms and 
15 a multi quantum well (MQW) structure. 

A p-side cap layer 216 made of Alo.3GaQ.9N doped 
with Mg at 1 x 10 20 /cm3 and having a band gap energy 
higher than that of the p-side light guide layer 217 
and that of the active layer 215 was grown on the 
20 active layer 215 to a thickness of 300 angstroms. 

Subsequently, a p-side light guide layer 217 made 
of p-type GaN doped with Mg at 1 x 10 18 /cm 3 and having 
a band gap energy lower than that of the p-side cap 
layer 216 was grown on the p-side cap layer 216 to a 
25 thickness of 0.1 //m. 

Twenty-angstroms thick first layers made of p-type 
Alo.2 Ga 0.8 N d °ped with Mg at 1 x 10 20 /cm 3 and 
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20-angstroms thick second layers made of p-type GaN 
doped with Mg at 1 x 10 20 /cm 3 were alternately stacked 
on the p-side light guide layer 217 to form a p-side 
cladding layer 218 having a total thickness of 0.4 (im 
and a super lattice structure. 

Finally, a p-side contact layer 219 made of p-type 
GaN doped with Mg at 2 x 10 2 0/cm3 was grown on the 
p-side cladding layer 218 to a thickness of 150 
angstroms . 

The wafer, on which the respective nitride 
semiconductor layers were formed in this manner, was 
annealed in a nitrogen atmosphere at 700°C to further 
decrease the resistance of each p-type layer. After 
the annealing step, the wafer was removed from the 
reaction vessel, and the p-side contact layer 219 as 
the uppermost layer and the p-side cladding layer 218 
were etched by using the RIE apparatus to provide a 
ridge having a stripe width of 4 p. A p-side 
electrode 220 having a two-layer structure made of 
Ni/Au was formed on the entire top surface of the ridge. 
Thereafter, an insulating film 221 made of Si02 was 
formed on the exposed side surface of the p-side 
electrode 220 and the exposed surfaces of the p-side 
cladding layer 218 and the contact layer 219 except for 
the top surface of the p-side electrode 220. A p-side 
pad electrode 222 electrically connected to the p-side 
electrode 220 through the insulating film 221 was 
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formed. 

After the p-side pad electrode 222 was formed, a 
0.5-/im thick n-side electrode 223 having a two-layer 
structure made of Ti/Al was formed on the entire lower 
surface of the Si-doped GaN crystal substrate 1000. A 
thin film made of Au/Sn was formed for metallization 
for a heat sink on the n-side electrode 223. 

Subsequently, the wafer was scribed from the 
n-side electrode 22 3 to cleave the GaN crystal 
substrate 1000 along the M plane ((1100) plane); 
corresponding to a side surface of the hexagonal prism 
in FIG. 3) of the GaN crystal substrate 1000 to provide 
a resonance surface and obtain a bar. A dielectric 
multilayer film made of Si02 and Ti02 was formed on 
both or one of the resonance surfaces of this bar. 
Finally, the bar was cut in a direction parallel to the 
extending direction of the p-side electrode 220 to 
obtain an LD device chip. This chip was placed on the 
heat sink with the chip facing up, and the p-side pad 
electrode 222 was bonded thereto by wire bonding. When 
this LD device was laser-oscillated at room temperature 
continuous oscillation of an oscillation wavelength of 
405 nm was observed at a threshold current density of 
2.0 kA/cm 2 and a threshold voltage of 4.0V. The device 
exhibited a life of 1,000 hrs or more. 
Example 20 

This example will be described with reference to 
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FIG. 9, in particular, 

A total of 100 20 -angstroms thick first layers 
made of n-type A1q 2 Ga 0.8 N do P eci with Si at 1 x 
lO^/cm 3 and 20-angstroms second layers made of undoped 
5 GaN were alternately grown on an undoped GaN crystal 16 

(supported on sapphire substrate 11) obtained as in 
Example 15 to form an n-side cladding layer 81 having a 
total thickness of 0.4 /zm and a superlattice structure. 
A 20-angstroms thick In0.4 G aQ.6 N having a single 

10 quantum well structure, a 0.3-/xm thick p-side cladding 

layer 83 made of AlQ.2 Ga 0.8 N do P ed with Mg at 1 x 
10 20 /cm 3 , and a 0.5-//m thick p-side contact layer 84 
made of GaN doped with Mg at 1 x 10 20 /cm3 were 
sequentially grown on the n-side buffer layer 81. 

15 Etching was performed from the p-side contact layer 84 

to expose the upper surface of the Si-doped GaN crystal 
1000 having a high impurity concentration. An n-side 
electrode 87 was formed on the exposed upper surface. 
A light-transmitting p-side electrode 85 was formed on~ 

20 almost the entire surface of the p-side contact 

layer 84. A pad electrode 86 for bonding was formed on 
the p-side electrode 85. Finally, the sapphire 
substrate was polished to a thickness of about 50 jum, 
and the polished surface was scribed to obtain a 350- jum 

25 square LED device. 

The output level and electrostatic breakdown 
voltage of the obtained LED device increased about 1 . 5 
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times those of the LED device of Example 18. 
Example 21 

A low-temperature buffer layer made of GaN was 
grown on a sapphire substrate 11 as in Example 15 to a 
5 thickness of 200 angstroms following the same procedure 

as in Example 15. An undoped GaN layer was grown on 
the buffer layer to a thickness of 4 iim. Thereafter, 
first selective growth masks 13 identical to those in 
Example 15 were formed. 

10 This wafer was transferred to the MOVPE apparatus, 

and a GaN crystal 16 doped with Si at 1 x 10 18 /cm 3 was 
grown to a thickness of 15 tim. 

After an n-side cladding layer 81, an active 
layer 82, a p-side cladding layer 83, and a p-side 

15 contact layer 84 were sequentially grown on this GaN 

crystal 16 as in Example 20, the resultant structure 
was subjected to the same processing as that in Example 
20, thereby obtaining a 350- jum square LED device. This 
LED device exhibited good characteristics like the LED 

20 device of Example 20. In addition, the service life of 

this LED device became longer than that of the LED 
device of Example 20. 
Example 22 

A low-temperature buffer layer made of GaN and an 
25 undoped GaN layer were grown on an off-angled sapphire 

substrate 11, and first selective growth masks 13 were 
formed on the resultant structure in the same manner as 
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in Example 10 except that the stripe width was 10 iim 
and the stripe interval was 5 /zm. 

This wafer was transferred to the MOVPE apparatus , 
and a GaN crystal 16 doped with Si at 1 x 10 19 /cm 3 was 
5 grown on this wafer to a thickness of 10 /zm. 

After an n-side cladding layer 81, an active 
layer 82, a p-side cladding layer 83, and a p-side 
contact layer 84 like those in Example 20 were 
sequentially grown, and the resultant structure was 

10 subjected to the same processing as in Example 20, 

thereby obtaining a 350- /zm square LED device. The 
output level of this LED device increased about 5% as 
compared with the LED device of Example 20, and the 
yield of the device itself was high as in Example 20. 

15 Example 22 

Three types of Si-doped GaN crystals 16 were grown 
in the same manner as in Example 14 except that the 
stripe intervals of the respective types of crystals 
were set to 5 /zm, 3 /zm, and 1 /zm. 

20 When the number of etching pits was measured in 

the same manner as in Example 14, the number of etching 
pits with the stripe intervals being 3 /zm and 1 fim was 
smaller than that with the stripe interval being 5 jam 
by about 20%. 

25 Example 23 

This example will be described with reference to 
FIGS. 1A to 1C, in particular. 
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A sapphire substrate 11, 2 inches in diameter, 
having a C plane as a major surface and an ORF surface 
forming an A plane was set in the MOVPE reaction vessel 
A low- temperature buffer layer made of GaN was grown on 
the substrate at a temperature of 500°C by using 
hydrogen gas as a carrier gas and TMG and ammonia as 
source gases . An undoped GaN layer was then grown on 
the buffer layer to a thickness of 5 p at a 
temperature of 1,050°C, thereby forming an underlayer 12 
having a two-layer structure. 

The wafer, on which this underlayer 12 was formed, 
was removed from the MOVPE reaction vessel, and a 
striped photomask was formed on the upper surface of 
the underlayer 12 • By using a CVD apparatus, l-/xm 
thick first selective growth masks 13 made up of many 
Si02 stripes having a stripe width of 10 jt/m and a 
stripe interval of 2 jam were formed on the wafer. 

The wafer, on which the selective growth masks 13 
were formed, was set in the MOVPE reaction vessel again 
and an undoped GaN crystal 16 was grown on the wafer to 
a thickness of 30 p at a temperature of 1,050°C by 
feeding ammonia at a flow rate of 0.27 mol/min and TMG 
at a flow rate of 225 micromol/min (V/III ratio = 1200) 
After this growth step, the cross-section of the GaN 
crystal 16 was observed by a TEM, As a result, it was 
found that the number of crystal defects in a 
lower-side region up to a level of about 5 jum from the 
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interface between the crystal 16 and the underlayer 12 
was large (lO^/cm^ or more), and a region above this 
lower-side region had a small number of crystal defects 
(lO^/crn^ or less) and could be satisfactorily used as a 
5 nitride semiconductor crystal substrate. Relatively 

many crystal defects were present in the portions, of 
the upper surface of the crystal 16 after the growth 
step, which correspond to the middle portions of the 
respective stripe masks and the middle portions of the 
10 window portions. However, the number of crystal 

defects in these portions was smaller than that in the 
case of V/III ratio of 2,000 or more by 100 times or 
more . 

An n-side buffer layer 211 made of GaN doped with 
15 Si at 3 x 10 18 /cm 3 was grown on the GaN crystal 16 to a 

thickness of 5 /im by using ammonia as a source gas and 
silane gas as a dopant gas . 

A crack prevention layer 212 made of Ing . 06 Ga 0 . 94 N 
was grown on the n-side buffer layer 211 at a 
20 temperature of 800° by using TMG, TMI, and ammonia as 

source gases . 

Subsequently, 25-angstroms thick first layers made 
of n-type AlQ.2 Ga 0.8 N doped with Si at 1 x 10 19 /cm 3 
(using TMA, TMG, ammonia, and silane gas) and 
25 25-angstroms thick second layers made of undoped GaN 

(using TMG and ammonia) were alternately grown at 
1,050°C to form an n-side cladding layer 213 having a 
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total thickness of 0.3 [im and a superlattice structure. 

An n-side light guide layer 214 made of undoped 
GaN was grown to a thickness of 0.1 jtxm at 1,050°C. 

Subsequently, 40-angstroms thick well layers made 
5 of undoped InQ.2 Ga 0.8 N and 100-angstroms thick barrier 

layers made of undoped Ing . 01 Ga 0 . 95 N were alternately 
stacked at a temperature of 800°C by using TMG, TMI, and 
ammonia to grow an active layer 215 having a barrier 
layer as the last layer, a total thickness of 440 
10 angstroms, and a multi quantum well structure. 

The temperature was then raised to 1,050°C, and a 
p-side cap layer 216 made of p-type Alo.3Gao.7N doped 
with Mg at 1 x 1020/ cm 3 an d having a band gap energy 
higher than that of a p-side light guide layer 217 was 
15 grown to a thickness of 300 angstroms by using TMG, TMA, 

ammonia, and Cp2Mg. 

The p-side light guide layer 217 made of undoped 
GaN and having a band gap energy lower than that of the 
p-side cap layer 216 was grown to a thickness of 0.1 /zm 
20 at 1,050°C by using TMG and ammonia. 

Subsequently, 25-angstroms thick first layers made 
of p-type Al 0 .2 Ga 0.8 N doped with Mg at 1 x 10 20 /cm 3 and 
25-angstroms thick second layers made of undoped GaN 
were alternately stacked at 1,050°C to grow a p-side 
25 cladding layer 218 having a total thickness of 0.8 /im 

and a superlattice structure. 

Finally, a p-side contact layer 219 made of p-type 
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GaN doped with Mg at 2 x lO^O/cm^ was grown on the 
p-side cladding layer 218 to a thickness of 150 
angstroms at 1,050°C. 

The wafer, on which the nitride semiconductor 
layers were grown in the above manner, was annealed in 
a nitrogen atmosphere at 700°C to further decrease the 
resistances of the layers doped with a p-type impurity. 

After the annealing step, the wafer was removed 
from the reaction vessel, and the p-side contact 
layer 219 as the uppermost layer and the p-side 
cladding layer 218 were etched to provide a ridge 
having a stripe width of 4 /zm by using the RIE 
apparatus. At this time, ridge stripes were formed in 
surface regions other than regions at positions 
corresponding to the middle portions of the stripe 
masks 13 and the middle portions of the windows in 
which crystal defects appeared. The formation of ridge 
stripes at positions where almost no crystal defects 
are present tends to make it difficult to cause 
dislocation of crystal defects from the substrate to 
the active region during laser oscillation. This 
prolongs the service life of the device and improves 
the reliability, resulting in an improvement in 
reliability. 

A protective mask was formed on the ridge top 
surface and etched by RIE to expose the upper surface 
of the n-side buffer layer 211. This exposed n-side 
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buffer layer 211 also serves as a contact layer for the 
formation of n-side electrodes 223a and 223b. Note 
that etching can be performed up to the region, of the 
GaN crystal 16, in which many crystal defects are 
present, and the exposed surface can be provided as a 
contact layer, 

A p-side electrode 220 made of Ni and Au was 
formed, in the form of a stripe, on the top surface of 
the p-side contact layer 219 forming the ridge. The 
n-side electrodes 22 3a and 223b made of Ti and Al were 
formed, in the form of stripes, on the surface portions, 
of the n-side buffer layer 211, which were exposed by 
the above etching. 

After this step, an insulating film 221 made of 
Si02 was formed on the side surfaces, of the nitride 
semiconductor layer, which were exposed by the above 
etching, and a p-pad electrode 222 electrically 
connected to the p-electrode 220 through the insulating 
film 221 was formed. 

The obtained wafer was transferred to the 
polishing apparatus to lap the lower surface of the 
sapphire substrate 11 to a thickness of 70 fim by using 
a diamond abrasive. Thereafter, the lower surface of 
the sapphire substrate 11 was polished by 1 /zm into a 
mirror surface by using a finer abrasive. The entire 
lower surface was metallized with Au/Sn. 

After this step, the wafer was scribed on the 
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Au/Sn side to be cleaved in the form of a bar in a 
direction perpendicular to the striped electrodes, 
thereby forming a cleavage surface. A dielectric 
multilayer film made of SiC>2 and TiC>2 was formed on the 
resonance surface. Finally, the bar was cut in a 
direction parallel to the p-electrode to obtain an LD 
device chip. This chip was placed on the heat sink 
with the chip facing up, and the respective electrodes 
were bonded to each other by wire bonding. When this 
LD device was laser-oscillated at room temperature, 
continuous oscillation of an oscillation wavelength of 
405 run was observed at a threshold current density of 
2.0 kA/cm^ and a threshold voltage of 4.0V. The device 
exhibited a life of 1,000 hrs or more. In addition, 
500 LD devices were arbitrarily extracted selected from 
the LD devices obtained from the above wafer, and the 
service lives of the 500 LD devices were measured to 
find that 70% or more of the devices exhibited service 
lives of 10,000 hrs or more. 

The LD devices were manufactured in the same 
manner as in Example 2 3 except that the undoped GaNGaN 
crystals 16 were grown to a thickness of 30 iim by 
setting the flow rate of ammonia to 0.36 mol/min and 
the flow rate of TMG to 162 micromol/min (V/III ratio = 
2222), and the ridge stripes were formed at arbitrary 
positions. Of the 500 LD devices arbitrarily selected 
from the obtained LD devices, 5% or less achieved 
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service lives of 10,000 hrs or more. 
Example 24 

LD devices were manufactured by the same method as 
in Example 23 except that each GaN crystal 16 was grown 
5 to a thickness of 10 /ira. In this case, the number of 

crystal defects in the surface of the GaN crystal 16 
tended to be larger than that in the LD device of 
Example 23 on about one order of magnitude. In 
addition, of 500 LD devices arbitrarily selected from 
10 the obtained LD devices, 5% or more achieved service 

lives of 10,000 hrs or more. 
Example 25 

This example will be described with reference to 
FIG. 11 mainly. 

15 An Si-doped GaN crystal was grown to a thickness 

of 30 /xm in the same manner as in Example 23 except 
that the GaN crystal 16 was grown by feeding ammonia at 
0.27 mol/min and TMG at 150 micromol/min (V/III ratio = 
1800) and adding silane gas to these source gases. In 

20 this GaN crystal 16, the number of crystal defects in a 

lower-side region up to a level of about 5 fim from the 
interface between the crystal 16 and an underlayer 12 
was large, and a region above this lower-side region 
had a small number of crystal defects (10 6 /cm 2 or less) 

25 and could be satisfactorily used as a nitride 

semiconductor crystal substrate. 

Subsequently, nitride semiconductor layers 211 to 
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219 identical to those in Example 23 were formed. In 
this case, an LD device was obtained in the same manner 
as in Example 23 except that a portion of the GaN 
crystal 16 was removed up to a depth of about 6 fim from 
5 the upper surface by etching to expose the GaN crystal 

16 in a region having relatively many crystal defects, 
and n-side electrodes 223a and 223b were formed on the 
exposed surfaces . Similar to the LD device of Example 
23, this LD device continuously oscillated with a low 
10 threshold. Of 500 LD devices, 50% or more achieved 

service lives of 10,000 hrs or more. 
Example 26 

LD devices were manufactured by the same method as 
in Example 23 except that each GaN crystal 16 was grown 

15 by setting the flow rate of ammonia to 0.26 mol/min and 

the flow rate of TMG to 180 micromol/min (V/III ratio = 
1500). As a result, almost the same number of LD 
devices as that in Example 23 could be obtained, which 
continuously oscillated with a low threshold. 

20 Example 27 

LD devices were manufactured by the same method as 
in Example 23 except that in growing each GaN crystal, 
the flow rate of TMG was increased to set the V/III 
ratio to 800. As a result, almost the same number of 

25 LD devices as that in Example 23 could be obtained, 

which continuously oscillated with a low threshold. 
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Example 28 

LD devices were manufactured by the same method as 
in Example 23 except that in growing each GaN crystal 
16, the flow rate of ammonia was set to 0.15 mol/min 
5 and the flow rate of TMG was set to 5 millimol/min 

(V/III ratio = 30). As a result, each LD device 
continuously oscillated with a low threshold. Of 500 
LD devices arbitrarily selected from the obtained LD 
devices, 30% or more exhibited service lives of 10,000 
10 hrs or more. 

Example 29 

Nitride semiconductor layers 211 to 219 were grown 
in the same manner as in Example 2 3 except that in 
growing a GaN crystal 16, an Si-doped GaN crystal was 

15 grown to a thickness of 9 iim by doping the crystal with 

Si. When the wafer was removed from the reaction 
vessel, the wafer has warped due to the thermal 
expansion coefficient difference between a sapphire 
substrate 11 and the Si-doped GaN crystal. This wafer 

20 was polished from the sapphire substrate 11 side to 

remove the sapphire substrate 11, an underlayer 12, and 
selective growth masks 13. The obtained GaN crystal in 
a free state became substantially flat without warpage. 
As in Example, 23, the p-side contact layer 219 

25 and the p-side cladding layer 218 were etched in the 

form of a ridge , and a p-side electrode 220 and an 
insulating film 221 were formed. Thereafter, a p-pad 
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electrode 222 was formed. In this case, since the 
selective growth masks 13 were removed, it was 
difficult to match the position of each ridge stripe 
with a corresponding window portion by microscopic 
5 observation. N-side electrodes 223a and 223b made of 

Ti/Al were formed on almost the entire exposed lower 
surface, of the GaN crystal 16, in which many crystal 
defects were present. Thereafter, this structure was 
processed in the same manner as in Example 23 to obtain 
10 LD devices. These LD devices also continuously 

oscillated at room temperature with a low threshold. 
Of arbitrarily selected 500 LD devices, 7 0% or more 
exhibited service lives of 10,000 hrs or more. 
Example 30 

15 This example will be described with reference to 

FIGS. 1A to 1C and 5A and 5B. 

A sapphire substrate 11, 2 inches in diameter, 
having a C plane as a major surface and an ORF surface 
forming an A plane was set in the MOVPE reaction vessel, 

20 and a low-temperature buffer layer made of GaN was 

grown on the substrate to a thickness of 200 angstroms 
at a temperature of 500°C by using hydrogen gas as a 
carrier gas and TMG and ammonia as source gases. An 
undoped GaN layer was grown on the buffer layer to a 

25 thickness of 4 //m at a temperature of 1,050°C to form an 

underlayer 12 having a two-layer structure. 

The wafer, on which this underlayer 12 was formed, 
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was removed from the MOVPE reaction vessel , and a 
striped photomask was formed on the upper surface of 
the underlayer 12. Then, 0.5-/zm thick first selective 
growth masks 13 made up of many SiC>2 stripes having a 
stripe width of 10 /zm and a stripe interval of 2 [im 
were formed on the wafer by using the CVD apparatus. 

The wafer, on which the selective growth masks 13 
were formed, was set in the MOVPE reaction vessel again 
and an undoped GaN crystal 16 was grown on the wafer to 
a thickness of 30 /zm at a temperature of 1,050°C by 
feeding ammonia at a flow rate of 0.27 mol/min and TMG 
at a flow rate of 225 micromol/min (V/III ratio = 1200) 
When a GaN crystal is grown while the V/III molar ratio 
is set to 2,000 or less, the GaN crystal 15 grows 
laterally on the mask 13 while the grown end face is 
forming a facet almost perpendicular to the plane of 
the mask 13. Therefore, the crystal 16 having very few 
crystal defects can be obtained. The grown GaN crystal 
(MOVPE GaN crystal) 16 has a uniform surface. When 
this surface region was observed with a TEM, crystal 
defects extending from windows 14 stopped halfway in 
the GaN crystal 16, and almost no crystal defects 
appeared on the surface. 

The wafer, on which the GaN crystal 16 was grown, 
was transferred to the HVPE apparatus, and an undoped 
GaN crystal 17 (HVPE GaN crystal) was grown on the 
wafer to a thickness of 200 /zm by using Ga metal, HC1 
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gas, and ammonia as raw materials. When the number of 
crystal defects in the surface region of the obtained 
HVPE GaN crystal 17 was measured by two-dimensional TEM 
observation, it was found that the number of crystal 
5 defect was 1 x 10 4 /cm 2 or less, and hence a GaN crystal 

having excellent crystallinity was obtained. Very few 
existing crystal defects were only crystal defects 
extending in a direction almost parallel to the plane. 
The wafer, on which HVPE GaN crystal 17 was grown, 

10 was transferred to the polishing apparatus, and the 

sapphire substrate 11, the underlayer 12, the selective 
growth masks 13, and the MOVPE GaN crystal 16 were 
removed by using a diamond abrasive to expose the lower 
surface of the HVPE GaN crystal 17, thereby obtaining a 

15 GaN crystal substrate in a free state which has a total 

thickness of 195 Aim . Note that the number of crystal 
defects in the lower surface of this crystal substrate 
was as small as 1 x lO^/cm 2 or less. 
Example 31 

20 A GaN crystal substrate in a free state was 

obtained by the same method as in Example 30 except 
that in growing an HVPE GaN crystal 17, silane gas was 
added to source gases, GaN was grown first while it was 
doped with Si at 1 x 10 19 /cm 3 , the flow rate of silane 

25 gas was decreased with the growth of GaN, and the GaN 

crystal was finally grown as GaN doped with Si at 5 x 
10 16 /cm 3 , thereby growing 200- /an thick GaN having an Si 
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concentration gradient. In this GaN crystal substrate, 
the number of crystal defects in the surface with a 
small amount of Si was almost equal to that in the 
crystal substrate in Example 3. 
5 Example 32 

An MOVPE GaN crystal 16 was obtained by the same 
method as in Example 30 except that in growing the 
MOVPE GaN crystal 16, silane gas was added to source 
gases, GaN was grown first while it was doped with Si 

10 at 1 x lO^/cm^, the flow rate of silane gas was 

decreased with the growth of GaN, and the GaN crystal 
was finally grown as GaN doped with Si at 1 x 10 17 /cm3, 
thereby growing 20- /zm thick GaN having an Si 
concentration gradient. An Si-doped HVPE GaN crystal 

15 17 was grown to a thickness of 2 00 /zm by the same 

method as in Example 30 except that in growing the HVPE 
GaN crystal, GaN was doped with Si at 1 x 10 17 /cm 3 . 
Thereafter, a sapphire substrate 11, an underlayer 12, 
and selective growth masks 13 were all removed, and the 

20 MOVPE GaN crystal was removed by a thickness of 15 /zm. 

In the GaN crystal substrate having the two-layer 
structure made up of the MOVPE GaN crystal and the HVPE 
GaN crystal obtained in the above manner, the number of 
crystal defects in the major surface of the HVPE GaN 

25 crystal was almost equal to that in the GaN crystal 

substrate in Example 30, but the number of crystal 
defects in the lower surface of the MOVPE GaN crystal 
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was larger than that in the major surface of the HVPE 
GaN crystal by about one order of magnitude. 
Example 33 

This example will be described with reference to 
FIG. 12. 

An n-side contact layer 211 made of GaN doped with 
Si at 3 x lO^/cm** wa s grown on the upper surface (on 
the opposite side to the lower surface from which the 
sapphire substrate 11 and the like were removed by 
polishing) of an HVPE GaN crystal substrate obtained as 
in Example 30 to a thickness of 4 /zm at 1,050*0 by using 
ammonia and TMG as source gases and silane gas as an 
impurity gas . 

A crack prevention layer 212 made of Ing , 06 Ga 0 . 94 N 
was grown on the n-side contact layer 211 to a 
thickness of 0.15 //m at a temperature to 800°C by using 
TMG, TMI, and ammonia as source gases. 

Subsequently, 25-angstroms thick first layers 
(using TMA, TMG, and ammonia) made of undoped 
Al 0 . 16 Ga 0 . 84 N and 25-angstroms thick second layers (TMG, 
ammonia, and silane) made of n-type GaN doped with Si 
at 1 x 10 19 /cn\3 were alternately grown on the crack 
prevention layer 212 at 1,050°C to grow an n-side 
cladding layer 213 having a total thickness of 1.2 /zm 
and a superlattice structure. 

An n-side light guide layer 214 made of undoped 
GaN was grown on the n-side cladding layer 213 to a 
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thickness of 0.1 //m at 1,050°C by using TMG and ammonia. 

Subsequently, 100-angstroms thick barrier layers 
made of undoped Ing , 01^ a 0 . 95 N anc * 40-angstroms thick 
well layers made of undoped InQ.2 Ga 0.8 N wer © 
alternately grown three times at a temperature of 800°C 
to grow an active layer 215 having a barrier layer as 
the last layer, a total thickness of 520 angstroms, and 
an MQW structure. 

The temperature was then raised to 1,050°C to grow 
a p-side cap layer 216 made of p-type Alo.3GaQ.7N doped 
with Mg at 1 x 10 20 /cm 3 to a thickness of 300 angstroms 
by using TMG, TMA, ammonia, and Cp2Mg. 

A p-side light guide layer 217 made of GaN doped 
with Mg at 5 x lO^/cm 3 was g r0 wn on the p-side cap 
layer 216 to a thickness of 0.1 //m. 

Subsequently, 25-angstroms thick first layers made 
of undoped AIq m igGag . 84 N and 25-angstroms thick second 
layers made of GaN doped with Mg at 1 x 10 19 /cm 3 were 
alternately grown to grow a p-side cladding layer 218 
having a total thickness of 0.6 fim and a superlattice 
structure. 

Finally, a p-side contact layer 219 made of p-type 
GaN doped with Mg at 1 x 10 20 /cm 3 was grown to a 
thickness of 150 angstroms. 

The wafer, on which the nitride semiconductor 
layers were grown in the above manner, was removed from 
the reaction vessel. An Si02 protective film was then 
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formed on the upper surface of the p-side contact 
layer 219 as the uppermost layer, and the wafer was 
etched by RIE using SiCl4 gas to expose the upper 
surface, of the n-side contact layer 211, on which an 
n-side electrode was to be formed. 

A mask having a predetermined shape was used for 
the p-side contact layer 29 as the uppermost layer, and 
the p-side contact layer 219 and the p-side cladding 
layer 218 were etched to form a ridge stripe having a 
width of 1 /zm. Thereafter, a ZrC>2 insulating film 221 
was formed on the side surfaces of the ridge and the 
exposed surface of the p-side cladding layer 218 such 
that the top portion of the p-side contact layer 219 
was exposed. A p-side electrode 220 electrically 
connected to the p-side contact layer 219 through the 
insulating film 221 was formed. An n-side electrode 
223 was formed on the surface, of the n-side contact 
layer 211, which was exposed by etching. 

After the GaN crystal substrate 1000 of the wafer 
obtained in the above manner was thinned by polishing, 
the GaN crystal substrate 1000 was cleaved to form a 
resonance surface of an LD device on the cleavage 
surface. After cleavage, each LD device was separated 
as a chip, and the lower surface of the GaN crystal 
substrate 1000 was placed on the heat sink. This LD 
device exhibited continuous laser oscillation at room 
temperature at a threshold current density of 
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1.5 kA/cm 2 , and a service life of 1,000 hrs or more 
with an output of 20 mW. 

In this example, the LD device was manufactured by- 
using the substrate obtained as in Example 30. However, 
even in a structure for extracting both n- and 
p-electrodes from the same surface side, a nitride 
semiconductor substrate doped with an n-type impurity 
with a concentration gradient, obtained as in Examples 
31 and 32, can be used. In this case, the n-side 
contact layer 211 is not required, and the n-side 
electrode 22 3 can be formed on the surface, of an MOVPE 
or HVPE crystal with a concentration gradient, which is 
exposed by etching. 
Example 34 

A crack prevention layer 212, an n-side cladding 
layer 213, an n-side light guide layer 214, an active 
layer 215, a p-side cap layer 216, a p-side light guide 
layer 217, a p-side cladding layer 218, and a p-side 
contact layer 219 were sequentially grown on the upper 
surface (on the opposite side to the lower surface from 
which the sapphire substrate 11 and the like were 
removed) of an HVPE crystal doped with Si with a 
concentration gradient, which was obtained as in 
Example 31, in the same manner as in Example 33 without 
forming the n-side contact layer 211. 

As in Example 33, the p-side contact layer 219 and 
the p-side cladding layer 218 were etched to form a 
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ridge stripe having a width of 1 //ra, an insulating film 
221 was formed, and a p-side electrode 220 was formed 
on the p-side contact layer. An n-side electrode 223 
was formed on the lower surface of the GaN crystal 
substrate. Thereafter, the GaN crystal substrate was 
polished to a thickness that allows cleavage from the 
lower surface, and the substrate was cleaved in the 
same manner as in Example 33, thereby obtaining an LD 
device. In this example, even if the GaN crystal 
substrate was polished, since a concentration gradient 
was set, the exposed surface of the nitride semiconduc- 
tor substrate was always a surface heavily doped with 
an n-type impurity. The obtained LD device had 
substantially the same characteristics as those of 
Example 33. 
Example 35 

This example will be described with reference to 
FIGS. 7A to 7D. 

A sapphire substrate 11 having a C plane as a 
major surface and an ORF surface as an A plane was set 
in the MOVPE reaction vessel. A low-temperature buffer 
layer 12 made of GaN was then grown on the sapphire 
substrate 11 to a thickness of about 200 angstroms at a 
temperature of 510°C by using hydrogen as a carrier gas 
and ammonia and TMG as source gases. A GaN layer 71 
doped with Si at 1 x 10 18 /cm^ was grown on the 
underlayer 12 to a thickness of 2 //in at a temperature 
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of 1,050°C by using TMG and ammonia as source gases. 

After this step, a striped photomask was formed on 
the GaN layer 71, and 1- fim thick silicon dioxide 
stripes having a stripe width of 15 fira and a stripe 
5 interval of 3 jum were formed by using the sputtering 

apparatus. The GaN layer 71 was etched halfway to form 
grooves 72 by using the RIE apparatus. The GaN 
layer 71 was exposed only at the side surfaces and 
bottom surfaces of the grooves 72. Note that each 
10 silicon dioxide stripes extended in a direction 

perpendicular to the ORF surface of the sapphire 
substrate 11. 

After the grooves 72 were formed in this manner, a 
second silicon dioxide layer was formed on the entire 

15 surface of the resultant structure, including the first 

silicon dioxide masks and the side and bottom surfaces 
of the grooves 72. Thereafter, only the portions, of 
the second silicon dioxide layer, which were located 
above the side surfaces of the grooves 72 were etched, 

20 except for the portions above the bottom surfaces of 

the grooves 72 and the silicon dioxide stripes, by 
using a gas mixture of CF4 and O2 gases. As a result, 
first growth control masks 73 made of the first and 
second silicon dioxides were formed the walls between 

25 the adjacent grooves 72, and second growth control 

masks 74 made of the second silicon dioxide were formed 
on the bottom portions of the grooves 73. 
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The wafer, on which the GaN layer 71, the 
grooves 72, and the first and second growth control 
masks 7 3 and 74 were formed, was set in the MOVPE 
reaction vessel. A GaN crystal 76 doped with Si at 1 x 
5 10 18 /cm3 was grown on the wafer to a thickness of 30 /zm 

at 1,050°C by using TMG and ammonia as source gases and 
silane gas as a dopant gas. 

The wafer, on which the Si-doped GaN crystal 7 6 
was grown, was removed from the reaction vessel. 

10 For comparison, the buffer layer 12 was grown on 

the sapphire substrate 11, and the GaN layer 71 was 
grown on the buffer layer to a thickness of 30 //m to 
obtain a comparative GaN substrate. 

When the numbers of crystal defects in the two GaN 

15 substrates were measured by two-dimensional TEM 

observation, it was found that the number of crystal 
defects in the GaN substrate in Example 35 was 6 x 
10 6 /cm 2 , whereas that in the comparative GaN substrate 
was 1 x 10 10 /cm 2 . 

20 Example 36 

An underlayer 12 and an Si-doped GaN layer 71 were 
grown on a sapphire substrate 11 by the same method as 
in Example 35. Grooves 72 similar to those in Example 
35 were formed in the GaN layer 71 by dicing. A 

25 silicon dioxide layer was formed on the entire surface 

of the resultant structure. Only the portions, of the 
silicon dioxide layer, which were located on the side 
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surfaces of the grooves 72 were removed by etching to 
form first growth control masks 7 3 covering the top 
surfaces of the walls between the grooves 72 and second 
growth control masks 74 covering the bottom portions of 
the grooves 72. The GaN layer 71 was exposed only at 
the side surfaces of the grooves 72. An Si-doped GaN 
crystal 76 was grown on this wafer by the same method 
as in Example 35. When the number of crystal defects 
in the obtained GaN crystal substrate 7 6 was measured, 
a good result was obtained as in Example 35. 
Example 37 

An Si-doped GaN crystal 76 was grown by the same 
method as in Example 35 except that a GaN layer 71 was 
etched up to a sapphire substrate 11. This GaN crystal 
had few crystal defects like the crystal in Example 35. 
Example 38 

This example will be described with reference to 
FIGS. 8A and 8C. 

An Si-doped GaN crystal 76 was grown to a 
thickness of 200 /zm by the same method as in Example 35. 
A sapphire substrate 11, an under layer 12, a GaN 
layer 71, and growth control masks 73 and 74 were 
removed from this wafer by polishing to obtain an 
Si-doped GaN crystal substrate in a free state. 

This Si-doped GaN crystal substrate (substrate 
1000) was set in the MOVPE reaction vessel of the MOVPE 
apparatus, and a high-temperature buffer layer 81 made 
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of GaN doped with Si at 1 x 10 18 /cm 3 was grown on the 
upper surface of the substrate at 1,050°C. 

Subsequently , a 2 0-angstroms thick InQ^Gag^gN 
active layer 82 having a single quantum well structure , 
5 a 0. 3-angstroms thick p-side cladding layer 83 made of 

Alo.2 Ga 0.8 N doped with Mg at 1 x 10 20 /cm 3 , and a 0.5- Mm 
thick p-side contact layer 84 made of GaN doped with Mg 
at 1 x lO^O/cm 3 were sequentially grown on this 
high-temperature buffer layer 81. 

10 The wafer, on which the nitride semiconductor 

layers were formed in this manner, was removed from the 
reaction vessel and was annealed in a nitrogen 
atmosphere at 600°C to decrease the resistances of the 
p-side cladding layer 83 and the p-side contact 

15 layer 84. Thereafter, etching was performed form the 

p-side contact layer 84 side to expose the upper 
surface of the GaN crystal substrate 1000. 

After the etching step, a 200-angstroms thick 
light-transmitting p-electrode 85 made of Ni/Au was 

20 formed on almost the entire upper surface of the p-side 

contact layer 84. A 0.5-/zni thick pad electrode 86 for 
bonding was formed on the p-electrode 35. 

Subsequently, a 0.5-/xm thick n-side electrode 87 
was formed on the entire lower surface of the GaN 

25 crystal substrate 1000. 

The obtained wafer was scribed from the 
n-electrode 87 side to cleave the M plane ((1100) 
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plane) of the GaN substrate 1000 along a surface 
perpendicular to the M plane, thereby obtaining a 
3Q0-/zm square LED chip. This LED emitted 520-nm green 
light with 20 mA. The output level and electrostatic 
breakdown voltage of the LED were twice or more those 
of a device obtained by growing a nitride semiconductor 
device structure on a conventional sapphire substrate. 
That is, this device exhibited excellent characteris- 
tics. 

Example 39 

This example will be described with reference to 
FIG. 10. 

An Si-doped GaN crystal 7 6 was grown to a 
thickness of 200 /xm by the same method as in Example 35. 
A sapphire substrate 11, an underlayer 12, a GaN 
layer 71, and growth control masks 7 3 and 74 were 
removed from this wafer by polishing to obtain an 
Si-doped GaN crystal substrate in a free state. 

This Si-doped GaN crystal substrate (substrate 
1000) was set in the MOVPE reaction vessel of the MOVPE 
apparatus. A total of 100 20-angstroms thick first 
layers made of n-type AlQ.2 Ga 0.8 N doped with Si at 1 x 
10 19 /cm 3 and 20-angstroms thick second layers made of 
undoped GaN were alternately grown on the upper surface 
of the Si-doped GaN crystal substrate 1000 without 
forming a buffer layer 211 and a crack prevention 
layer 212 to form an n-side cladding layer 213 having a 
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total thickness of 0.4 Jim and a superlattice structure. 

An n-side light guide layer 214 made of n-type GaN 
doped with Si at 1 x lO^/cm^ was grown on the n-side 
cladding layer 213 to a thickness of 0.1 fim. 
5 Subsequently, 25-angstroms thick well layers made 

of InQ # 2 Ga 0.8 N doped with Si at 1 x 10 17 /cm3 and 
50-angstroms thick barrier layers made of Ing , oi Ga O . 95 N 
doped with Si at 1 x 10 17 /cm 3 were alternately grown to 
form an active layer 215 having a total thickness of 

10 175 angstroms and a multi quantum well (MQW) structure. 

A p-side cap layer 216 made of p-type Alg^Gag^gN 
doped with Mg at 1 x 10 20 /cm3 and having a band gap 
energy higher than that of a p-side light guide 
layer 217 and that of the active layer 215 was grown to 

15 a thickness of 300 angstroms. 

The p-side light guide layer 217 made of p-type 
GaN doped with Mg at 1 x lO^/cn^ an( j having a band gap 
energy lower than that of the p-side cap layer 216 was 
grown to a thickness of 0.1 /xm. 

20 After this step, 20-angstroms thick first layers 

made of p-type AlQ.2 Ga 0.8 N doped with Mg at 1 x 
10 20 /cm 3 and 20-angstroms thick second layers made of 
p-type GaN doped with Mg at 1 x lO^O/cm 3 were 
alternately grown to form a p-side cladding layer 218 

25 having a total thickness of 0.4 /zm and a superlattice 

structure. 

Finally, a p-side contact layer 219 made of p-type 
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GaN doped with Mg at 2 x 10 20 /cm 3 was grown to a 
thickness of 150 angstroms. 

The wafer, on which the nitride semiconductor 
layers were formed, was annealed in a nitrogen 
atmosphere at 700°C to decrease the resistance of each 
p-side layer in the reaction vessel. After the 
annealing step, the wafer was removed from the reaction 
vessel, and the p-side contact layer 219 as the 
uppermost layer and the p-side cladding layer 218 were 
etched by the RIE apparatus to obtain a ridge having a 
stripe with of 4 p. A p-side electrode 22 0 made of 
Ni/Au was then formed on the entire top surface of the 
ridge. An Si02 insulating film 221 was formed on the 
exposed surfaces of a p-side cladding layer 48 and a 
contact layer 49 except for the p-electrode 220. A pad 
electrode 222 electrically connected to the p-electrode 
220 through this insulating film 221 ^was formed. 

After this step, a 0.5-/zm thick n-side electrode 
22 3 made of Ti/Al was formed on the entire lower 
surface of the GaN crystal substrate 1000. A thin film 
made of Au/Sn and used for metallization for a heat 
sink was formed on the n-side electrode 223. 

Subsequently, the wafer was scribed from the 
n-electrode 223 to cleave the GaN substrate 1000 in the 
form of a bar along the M plane ((1100) plane) of the 
GaN crystal 1000 (the plane corresponding to a side 
surface of the hexagonal prism in FIG. 3) so as to form 
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resonance surfaces. A dielectric multilayer film made 
of Si02 and Ti02 was formed on both or one of the 
resonance surfaces. Finally, the bar was cut in a 
direction parallel to the p-electrode to obtain a laser 
chip. The chip was then placed on a heat sink with the 
chip facing up (in a state wherein the substrate 
opposes the heat sink), and the pad electrode 222 was 
subjected to wire bonding. When the resultant LD 
device was laser-oscillated at room temperature, 
continuous oscillation of an oscillation wavelength of 
405 nm was observed at a threshold current density of 
2.0 kA/cm 2 and a threshold voltage of 4.0V. This 
device exhibited a service life of 1,000 hrs or more. 
Example 40 

This example will be described with reference to 
FIG. 8. 

An undoped GaN crystal 76 was grown by the same 
method as in Example 35 except for the GaN crystal was 
grown without doping it with Si. This GaN crystal 76 
(substrate 1000) was used to manufacture the following 
device structure while the crystal was supported on a 
sapphire substrate 11 . 

A total of 100 20-angstroms thick first layers 
made of n-type Alg.2 Ga 0.8 N doped with Si at 1 x 
lO^/cm^ and 20-angstroms thick second layers made of 
undoped GaN were alternately grown on the substrate 
1000 to form an n-side cladding layer 81 having a total 
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thickness of 0.4 /iiti and a superlattice structure. 

A 20-angstroms thick Ino.4Gao.6N active layer 82 
having a single quantum well structure, a 0.3-/zm thick 
p-side cladding layer 83 made of AlQ.2 Ga 0.8 N doped with 
Mg at 1 x 10 2 0/cm3, and a 0.5-mhi thick p-side contact 
layer 84 made of GaN doped with Mg at 1 x 10 2 0/cm3 were 
sequentially grown on the n-side cladding layer 81. 
Etching was then performed from the p-side contact 
layer 84 to expose the upper surface of the n-side 
cladding layer 81. An n-side electrode 87 was formed 
on the exposed upper surface. A light-transmitting 
p-side electrode 85 was formed on almost the entire 
surface of the p-side contact layer 84. A pad 
electrode 86 for bonding was formed on the electrode 85. 
Finally, the lower surface of the sapphire substrate 
was polished to a thickness of about 5.0 fim, and the 
polished surface was scribed to obtain a 350- /im square 
device . 

The output level and the electrostatic breakdown 
voltage of the obtained LED device increased about 1.5 
times those of the LED device of Example 38. 



